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Abstract —  This  paper  presents  a  method  of  forming 
three-dimensional  representations  of  clouds  and  precipita¬ 
tion  by  combining  series  of  two  dimensional  scans.  In  April 
of  1995  the  Cloud  Profiling  Radar  System  (CPRS)  col¬ 
lected  dual-frequency  Doppler  radar  data  of  several  cloud 
scenarios.  Images  of  reflectivity  and  linear  depolarization 
ratio  are  presented  from  different  viewpoints  of  a  precipi¬ 
tating  cloud  with  a  well  defined  melting  layer. 

I.  Introduction 

Observations  of  cloud  structure  and  geometry  provides 
insight  into  the  development  and  progression  of  storms. 
Geometric  variables  such  as  cloud  base  height  and  cloud 
top  height  are  useful  for  estimating  the  total  amount  of 
liquid- water  and  ice  in  the  clouds.  Such  studies  are  lim¬ 
ited  with  only  vertically  orientated  measurements,  how¬ 
ever,  because  the  measurement  consists  of  the  antenna 
volume  at  only  one  location  over  time.  A  more  complete 
picture  of  the  clouds  can  be  created  by  performing  scans 
to  observe  the  adjacent  pixels. 

The  Cloud  Profiling  Radar  System  attained  such  mea¬ 
surements  during  the  Ground  Based  Remote  Sensing  In¬ 
tensive  Observation  Period  (GBRS-IOP).  Successive  RHI 
scans  were  stacked  in  time  to  create  a  three-dimensional 
representation  of  a  precipitating  cloud.  The  images  pro¬ 
vide  a  unique  perspective  to  examine  cloud  structure  and 
may  be  valuable  for  comparison  with  satellite  imagery  or 
obtaining  two-dimensional  measurements  of  cloud  base 
height. 

II.  Radar  System 

The  Cloud  Profiling  Radar  System  (CPRS)  is  a  fully 
polarimetric  Doppler  radar  consisting  of  two  subsections 
at  33  and  95  GHz  [1].  Parameters  for  the  radar  system  are 
shown  in  Table  1.  Both  radar  subsections  transmit  and 
receive  vertical  and  horizontal  polarized  pulses  through  a 
single  1-meter  lens  antenna  [2].  The  single  antenna  de¬ 
sign  ensure  both  frequencies  are  sampling  the  same  cloud 
volume.  The  transmit  polarization  can  be  selected  on 
a  pulse  to  pulse  basis  and  each  sub-system  has  receiver 
channels  to  record  the  amplitude  and  phase  of  co-pole 
and  cross-pole  backscattered  signals  simultaneously.  The 
data  acquisition  system  consists  of  an  HP  VXI  card  cage 
containing  identical,  independent  configurations  for  the 

This  work  was  support  by  the  Department  of  Energy  under  grant 
No.  DE-FG02-90ER61060 


TABLE  I 

CPRS  System  Parameters 


Ka-band  Radar 

W-band  Radar 

Frequency 

33.12  GHz 

94.92  GHz 

Peak  Power 

100  kW 

1.5  kW 

Average  Power 

120  W 

15  W 

PRF 

200  Hz  -  3  kHz 

1  Hz  -  80  kHz 

(20  kHz  bursts) 

Pulsewidth 

200  -  2000  ns 

50  -  2000  ns 

Noise  Figure 

11  dB 

13  dB 

3  dB  Bandwidth 

2,  5  MHz 

2,  5  MHz 

3  dB  Beamwidth 

0.5  deg 

0.18  deg 

two  frequencies.  Each  is  composed  of  six  digitizers  to 
record  the  log-magnitude,  I  and  Q  for  each  receiver  chan¬ 
nel,  and  a  DSP  card  to  perform  averaging  and  compute 
either  pulse-pairs  or  FFTs.  The  entire  radar  system  is 
mounted  on  an  azimuth  over  elevation  positioner  to  per¬ 
form  RHI,  PPI,  VAD,  and  Raster  scans. 

CPRS  is  capable  of  measuring  reflectivity  (Zg),  linear 
depolarization  ratio  (LDR),  mean  fall  velocity,  velocity 
spectral  width,  as  well  as  the  full  Doppler  spectrum.  Po¬ 
larimetric  measurements  such  as  differential  reflectivity 
(Zx)ii),  correlation  magnitude  (|p/it;(0)l),  and  specific  dif¬ 
ferential  phase  (Kjyp)  are  also  attainable. 

III.  Experiment 

In  April  and  May  of  1995,  CPRS  participated  in  the 
Atmospheric  and  Radaition  Measurement  (ARM)  pro¬ 
gram’s  GBRS-IOP  at  the  Department  of  Energy’s  Cloud 
and  Radiation  Testbed  (CART)  site  in  Billings,  OK.  The 
role  of  CPRS  was  to  collect  Doppler  radar  data  of  clouds 
and  precipitation  in  support  of  site  instruments.  During 
this  part  of  the  year  a  variety  of  conditions  are  encoun¬ 
tered  across  the  southern  great  plains.  Typically,  squall¬ 
line  systems  develop  to  the  south-west  of  the  CART  site 
and  move  either  east  or  north-east  producing  heavy  rain 
and  sometimes  hail.  Large  formations  of  cirrus  and  stra¬ 
tus  clouds  are  encountered  as  well. 

CPRS  performed  successive  RHI  scans  at  different 
ranges  in  elevation  while  pointing  cross-wind  in  azimuth. 
The  scan  speed  was  selected  to  be  low  enough  not  to 
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Fig.  1.  33  GHz  images  of  reflectivity.  The  top  image  is  the  first  Fig.  2.  95  GHz  images  of  reflectivity.  The  top  image  is  the  first 

RHI  scan  ofthe  series.  The  bottom  image  is  a  time-height  plot  RHI  scan  of  the  series.  The  bottom  image  is  a  time-height  plot 

taken  at  90  degrees  elevation.  taken  at  90  degrees  elevation. 


loose  sensitivity  but  fast  enough  to  minimize  changes  in 
the  cloud  from  scan  to  scan.  For  example,  a  scan  from 
30  to  100  degrees  in  elevation  would  take  between  40  to 
60  seconds.  Performing  these  scans  creates  snap-shots  to 
observe  structural  changes  in  the  clouds  and  movement 
of  hydrometeors. 

IV.  Measurements 

On  April  22,  a  series  of  50  RHI  scans  were  performed 
over  60  minutes  during  a  precipitation  event.  The  radar 
scanned  from  20  to  110  degrees  in  elevation  while  pointing 


cross-wind  in  azimuth.  After  stacking  the  scans  in  time, 
a  three-dimensional  representaion  was  created. 

Fig.  1  shows  the  first  RHI  scan  in  the  series  and  a  time- 
hieght  plot  at  90  degrees  elevation  for  33  GHz  reflectivity, 
and  the  corresponding  95  GHz  images  are  shown  in  Fig. 
2.  A  melting  layer  located  at  2  km  with  a  thickness  of 
400  m  can  be  identified  by  the  bright  band.  Measure¬ 
ments  of  depolarization  indicate  LDR  of -11  db  and  fall 
velocity  changing  from  1.5  m/s  to  5.0  ms  at  2  km.  The 
effects  of  attenuation  are  evident  as  the  95  GHz  sensistiv- 
ity  decreases  while  the  path  length  through  the  rain  and 
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Fig.  3.  33  GHz  images  of  Lineeir  Depolarization  Ratio.  The  top 

image  is  a  three-dimension  represenatation.  The  bottom  image 
is  a  time-height  plot  taken  at  90  degrees  elevation. 


Fig.  4.  95  GHz  images  of  Linear  Depolarization  Ratio.  The  top 

image  is  a  three  dimensional  representation.  The  bottom  image 
is  a  time-height  plot  taken  at  90  degrees  elevation. 


melting  layer  increeises. 

Fig.  3  shows  a  three-dimensional  image  and  a  time- 
hieght  plot  at  90  degrees  elevation  for  33  GHz  depolar¬ 
ization,  and  Fig.  4  shows  the  95  GHz  images.  Snow  and 
ice  in  the  cloud  above  the  melting  layer  fall  and  combine 
with  mixed  phase  particles  causing  the  melting  layer  to 
double  in  thickness  to  800  m.  The  particles  then  fall  and 
the  melting  layer  returns  to  400  m  thick.  Towards  the 
end  of  the  scan  series,  the  melting  layer  weakens  and  falls 
apart. 

V.  Conclusion 

The  method  presented  has  been  applied  to  cases  with 
and  without  precipitation,  and  the  results  show  promise 
of  a  straight-forward  method  to  interpolate  cloud  struc¬ 
ture  from  simple  scanning  routines.  Another  scanning 


method  used  in  conjuction  this  is  to  scan  upwind  of  an  ap¬ 
proaching  storm  to  study  the  development  of  anvil  clouds. 
By  combining  the  two  methods,  the  life  cycle  of  an  anvil 
and  storm  can  be  characterized  in  detail. 

References 

[1]  Sekelsky,  S.M.  and  McIntosh,  R.E.  Cloud  observations  with 
a  polarimetric  33  GHz  and  95  GHz  radar.  Meteorology  and 
Atmospheric  Physics^  58:123-140,  1996. 

[2]  Mooradd.,  D.C.  Design,  development  amd  construction  of  a 
dual-frequency,  dual-polarized  millimeter  wave  cloud  profiling 
radar  antenna.  M£ister’s  thesis.  University  of  M^lssachusetts  at 
Amherst,  1993. 


3 


Preliminary  Backscatter  Lidar  Measurements  of  Atmospheric  Boundary  Layer  and  Cirrus  Clouds 

in  Buenos  Aires  (34.6  S  /  58.5  W). 

M.B.  Lavorato,  G.J.  Fochesatto,  E.J.  Quel, 

CEILAP  (CITEFA  -  CONICET) 

2ufriategui  4380,  1603  Villa  Martelli,  Buenos  Aires,  Argentina, 
email  lavorato@udceilap.edu. ar;  phone:  54  -1-  761  0131;  fax:  54  -1-  760  3210 

P.  H.  Flamant. 

Lab.  de  Meteorologie  Dynamique  du  CNRS,Ecole.Polytech.,  91 128.  Palaiseau,  France. 


Abstract  -  We  present  preliminary  backscatter  lidar 
measurements  of  atmospheric  boundary  layer  and 
height,  geometric  and  optical  thickness  of  cirrus.  In 
addition,  aerosols  and  clouds  were  detected  at  Buenos 
Aires.  The  lidar  system  is  based  on  a  pulsed  Nd-YAG 
laser  at  532  nm  and  a  Newtonian  telescope.  A 
photomultiplier  tube  is  used  in  the  detection  system. 
Differents  methods  of  backscattering  lidar  signal 
processing  for  these  atmospheric  parameters  are 
discussed. 

I.  INTRODUCTION 

Atmospheric  monitoring  by  a  LIDAR  system  allows 
remote  acquisition  of  atmospheric  backscattering  signal  to 
retrieve  aerosol  concentration,  thickness  and  cloud  height, 
presence  and  characterization  of  cirrus  and  boundary  layer 
[!]•  .  • 
LIDAR  system  presents  the  advantage  of  operating  m 
real  time  with  good  spatial  resolution,  lower  cost  and 
permanent  monitoring,  in  contrast  to  satellite  measurements 
that  have  small  spatial  resolution  and  low  precision  but 
cover  greater  areas.  Therefore  the  LIDAR  system  is  more 
useful  for  calibration  and  validation  measurement  data. 


Fig.  1.  LIDAR  SYSTEM  (schematic) 
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II.  LIDAR  SYSTEM. 

We  present  a  Lidar  Station  for  atmospheric  boundary 
layer  (ABL)  monitoring,  measurements  of  height, 
geometric  and  optical  thickness  of  clouds,  aerosols  and 
cirrus.  This  was  accomplished  at  times  during  the  past  year 
at  our  LIDAR  station  developed  in  CEILAP  (CITEFA- 
CONICET)  -  Villa  Martelli  -  Prov.  of  Buenos  Aires  -  Rep. 
Argentina  (34.6S  /  58.5W). 

The  Lidar  emitter  is  a  pulsed,  doubled  frequency  (532 
nm),  310  mJ  of  energy  per  pulse,  10  Hz  and  0.3  mrad 
divergence  Nd-YAG  laser.  The  telescope  is  field  of  view 
adjustable  between  0.1  to  10  mrad.  The  backscattering 
radiation  detection  is  achieved  by  a  telescope  with  a 
Newtonian  parabolic  mirror  f/2  type  of  50  cm  in  diameter, 
coupled  to  a  photomultiplier  detector  and  data  acquisition 
system. 

The  output  laser  emission  is  vertically  oriented  and  the 
detection  system  is  aligned  with  the  output  emission.  The 
telescope  was  designed  to  be  guided  to  elevate  between  - 
10°  and  90°  and  between  0°  and  300°  in  azimuth  as  shown 
in  figure  1.  Thus,  we  can  take  different  types  of 
atmospheric  measurements. 

III.  ATMOSPHERIC  BOUNDARY  LAYER 
(ABL). 

The  ABL  is  the  section  of  the  troposphere  where  the 
most  important  parameter  of  the  atmosphere  are  directly 
influenced  by  the  presence  of  the  Earth  surface.  The 
dynamic  nature  of  this  influence  is  due  to  hot  and  humid  air 
flows  and  the  sun  and  surface  winds  [2]. 

This  is  due  to  two  factors;  a  hot  air  concentration  uiider 
a  heavy  cold  and  stable  layer,  with  cyclic  daytime  evolution. 

Figure  2  show  a  typical  backscattering  signal  for  the 
ABL  measurement.  We  noted  a  sharp  variation  in  the 
backscattering  signal  around  700  meters. 

The  signal  processing  of  ABL  monitoring  is  based  on  the 
follow  up  of  the  discontinuity  or  slope  breakdown  derived 
from  the  converted  signal  logarithms.  The  procesed  data 
signal  contain  the  information  about  the  molecular 
atmospheric  density  variations  [3]. 
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Fig.  3.  ABL  daily  evolution  (15  minutes  per  sample) 

Figure  3  shows  the  ABL  daily  evolution  monitoring.  We 
noted  the  ABL  limits  (maximum  and  minimum)  throughout 
a  full  day  of  monitoring. 

We  can  see  in  a  clear  day  (oct  13,1995),  the  maximum 
(1200-1300  m)  and  the  minimum  (300-400  m)  limits  which 
depend  of  the  climate  conditions  and  the  seasons  of  the  year. 

III.  CIRRUS  AND  CLOUDS. 

Clouds  and  cirrus  are  found  in  the  troposphere,  the  later 
occur  in  the  high  troposphere  and  they  have  a  significant 
effect  on  the  radiative  budget.  They  permanently  make  up  a 
large  part  of  atmosphere  and  they  have  a  significant  impact 
on  the  radiation  budget  of  the  earth.  Hence,  it  is  necessary  to 
study  their  optical  and  physical  properties  which  are  used  in 
climate  model  [4]. 

We  present  monitoring  of  the  optical  and  geometrical 
properties  of  cirrus  by  Lidar.  The  processing  of  the  signal 
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Fig.  5.  CiTrus:23  aug.  95  -  6:30  to  8:30  PM  -  Av.=18000 

backscatter  gives  access  to  properties  such  as  the  total 
volume  backscattering  coefficient,  and  the  geometric  and 
optical  thickness  and  height  of  cirrus  and  clouds. 

Figure  4  shows  an  example  of  a  multilayer  cirrus 
between  8  to  10  Km  and  tropospheric  aerosols  located  at  3 
to  4  Km  for  50  shots  averaged.  Based  on  the  slope  method 
we  obtained  in  the  figure  5  the  optical  thickness  (0.55)  and 
geometrical  thickness  (~  2.75  Km),  The  attenuation 
coefficient  is  approximately  (a  =  2.0  lO""^  m"^  ). 

Real  time  and  long  term  evolution  of  cirrus  and  clouds 
during  daytime  and  nightime  is  one  of  the  main  capabilities 
of  our  Lidar  system.  Therefore,  seasonal  and  instantaneous 
evolution  can  be  monitored. 

IV.  SIGNAL  PROCESSING  METHODS. 

The  signal  processing  method  is  based  on  the 
backscattering  Lidar  equation: 
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where  r(/?)  =  exp 


and 


A  is  the  telescope  area,  T]  the  detector  efficiency,  T(R) 
the  optical  transmission,  E  energy  per  pulse,  a  the  total 
attenuation,  absorption  and  extinction  coefficient,  and  P  is 


total  backscattering  coefficient. 

ABL  signal  processing  is  based  on  a  sharp  variation  of 
backscattering  signal  due  to  the  discontinuity  of  the 
potential  temperature  profile  in  the  troposphere. 

There  are  several  methods  to  determine  ABL  heigth  [3]. 
The  Derivative  method  is  based  on  the  derivative  of  the 
logarithmically  corrected  [P(R).R^]  backscattering  signal. 
Then  for  ABL  monitoring  we  determine  the  minimum  of 


this  corrected  signal. 

The  Break  Slope  method  is  a  graphic  determination  of  the 
ABL  position.  Based  on  a  simple  model  of  the  ABL  which 
works  from  a  sharp  atmospheric  density  variation  at  the 


point  of  measurements. 

The  Standard  deviation  method  is  based  on  the  monitoring 
of  a  fixed  point  around  the  limit  of  the  ABL.  The  strong 
temporary  variations  in  backscattering  intensity  is  due  to  the 
movement  of  the  aerosols  trapped  in  thermal  eolumns 
reach  a  maximum  height.  Thus,  the  covariance  is  affected  if 
the  measures  are  made  at  regular  time  intervals.  The 
covariance  graphics  will  present  a  maximum  at  the  top  of 


the  ABL. 

Cirrus  and  cloud  measuring  methods  are  based  on  an 
inversion  of  the  lidar  equation.  The  optical  and  geometrical 
properties  of  cirrus  can  be  determined  by  adequately 
processing  signals.  The  solution  is  known  as  the  “inverse 
problem*'  because  there  are  two  unknown  parameters,  the 
backscattering  coefficient  (P)  and  the  extinction  coefficient 


(a). 


In  order  to  solve  the  lidar  equation  a  relationship 


between  p  and  a  is  usually  assumed  P  =  K  a  ^  where  k  is 
the  backscatter-to-extinction  ratio  and  g=l  usually.  Two 
solution  forms  are  available  that  use  either  the  variables 
P(R).R^  or  S(R)=ln[P(R).R^],  called  linear  and  logarithmic 
solution  respectively,  where  P(R)  is  the  received  power 
converted  to  a  mV  and  R  is  the  range  in  Km. 

The  most  important  methods  of  data  analysis  of  cirrus 
and  clouds  are  [4]; 

The  slope  method:  used  to  obtain  optical  thickness  assuming 
simple  molecular  scatter  (k=l  is  considered).  In  this  method 
optical  signal  backscattering  beyond  cirrus  clouds  is 
required. 

The  Linear  method  this  method  required  a  calibrated  lidar 
system  and  k  must  be  a  constant  throughout  the  cloud. 


The  LMDl  method  is  an  integration  process  of  the 
backscattering  profile  adapted  to  cirrus  and  based  on  the 
Klett  integration  method. 

The  LMDS  method  is  based  on  the  determination  of  the 
coefficient  a  where  is  g  unitary  for  a  given  altitude. 

IV.  CONCLUSIONS. 

To  improve  the  signal  to  noise  ratio  in  the  ABL  and 
Cirrus  monitoring  we  used  the  signal  averaging  teclmique. 
Thus,  electrical  noise  and  sky  background  radiation  were 
eliminated. 

DC  and  low  frequency  noise  generated  by  the 
atmosphere  (variable  during  the  day)  were  eliminated  by 
means  of  the  aquisitions  of  a  second  signal  having  the  same 
number  of  averaging  and  the  same  condition  of  the 
measured  signal,  but  no  laser  radiation. 

Precision  in  the  results  of  the  lidar  equation  coefficients 
is  obtained  by  increasing  the  number  of  measurements  in  the 
same  time  interval. 

For  monitoring  ABL  evolution  is  necessary  to  carry  out 
measurements  during  the  whole  day. 

Thus  the  variance  method  permits  us  to  determine 
precisely  the  ABL  break  point  and  its  spatial  fluctuations. 

The  backscattering-extinction  ratio  k  and  the 
atmospheric  attenuation  coefficient  a  are  the  most  important 
parameters  to  be  calculated. 

The  slope  method  is  simple  and  most  adequate  to 
determinate  the  coefficients  of  Lidar  equation  for  a  thin  and 
homogeneous  atmospheric  layer.  It  also  permits  calculation 
of  the  optical  and  geometric  cirrus  thickness.  We  monitored 
in  the  nighttime  and  daytime  cirrus  fi-om  7.5  to  13 .5  Jim. 

The  authors  wishes  to  thank  Salem  Elouragini,  Rene 
Valentin,  Jacques  Pelon  and  Mauricio  Pagura  for  fhiitful 
discussions  and  practical  aids.  This  work  was  supported  by 
CONICET  and  CIC. 
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Abstract  --  Techniques  devised  to  correct  aliased  Doppler 
velocity  PPI  maps  obtained  from  meteorological  radars  seem 
to  have  not  accounted  for  the  possible  presence  of  extended 
areas  of  ground  clutter  and/or  practical  absence  of  signal  due 
to  beam  screening.  This  is  a  severe  limit  for  radars  operating 
in  hilly  terrain.  Dealiasing  methods  are  necessarily  based  on 
hypotheses  of  continuity  of  the  radial  velocity  field,  which  are 
quite  harder  to  exploit  when  such  field  is  corrupted  by  ground 
clutter,  or  even  void  of  data  over  relatively  vaste  areas.  In  this 
paper  we  discuss  this  topic,  first  showing  some  drawbacks 
that  a  classical  dealiasing  technique  undergoes  when  utilized 
in  such  a  context.  Data  utilized  are  those  gathered  by  a  dual 
polarization  Doppler  weather  radar  sited  in  Tuscany,  in  a 
quite  orographically  complex  environment.  After  that,  we 
describe  a  modified  algorithm  that  overcomes  the  limitations 
of  the  original  technique,  and  show  that  the  proposed 
modifications  are  useful  to  make  the  algorithm  work  correctly 
even  under  severe  clutter/beam  screening  conditions. 

INTRODUCTION 

The  Local  Environment  Dealiasing  (LED)  technique  is  the 
most  cited  and  probably  most  efBcient  method  for  debasing 
mean  Doppler  velocity  PPI  maps  obtained  by  weather  radars 
[1].  LED  works  exploiting  the  hypothesis  of  local  continuity 
of  radial  velocity  data  in  both  range  and  azimuth,  by 
sequentially  processing  range  cells  of  each  single  radar  ray 
while  accounting  for  data  previously  processed  in  azimuthally 
contiguous  cells.  In  the  literature,  on  the  other  hand,  there  is 
not  much  evidence  of  the  problems  arising  when  unreliability 
of  average  Doppler  velocity  data  makes  more  complex  the 
task  of  exploiting  the  hypothesis  of  local  continuity. 
Unreliability  of  data  is  caused  primarily  by  partial  or  total 
beam  screening  and  related  clutter  effects,  which  become 
major  problems  for  those  radars  that  operate  in  hilly  or 
mountaineous  terrain. 

We  address  here  the  problem  of  an  efficient  dealiasing 
procedure  that  may  be  applied  also  to  Doppler  velocity  maps 
where  a  great  percentage  of  data  cannot  be  utilized  due  to 
screening/clutter  impairments.  We  first  discuss  typical 
problems  encountered  by  applying  the  LED  technique  to  data 
collected  by  the  dual  polarization  radar  POLAR  55C:  such 
radar,  sited  in  a  very  hilly  environment  near  Montagnana 
(Florence),  is  able  to  collect  data  over  major  basins  of 
Tuscany.  Still  at  an  elevation  angle  of  2°,  which  allows 
monitoring  such  basins,  screening/clutter  effects  are  relevant 


in  other  areas  covered  by  the  radar.  We  then  show 
improvements  obtained  by  introducing  some  modifications 
and  range  adaptive  parameters  to  the  basic  LED  technique, 
devised  in  order  to  obtain  a  general  uniformity  of  the  LED 
behaviour.  In  fact,  the  need  of  discarding  unreliable  data  over 
relatively  large  clutter  zones  in  the  radar  coverage  area 
implies  that  range  cells  which  may  be  farther  than  usual  get 
involved  in  the  comparisons.  Thus,  the  general  principle  of 
the  modified  dealiasing  procedure  is  to  allow  lower  continuity 
constraints  for  data  referring  to  farther  cells;  this  has 
repercussions  on  every  part  of  the  original  LED  algorithm, 
influencing  also  the  criterion  by  means  of  which  the  first 
radar  ray  to  be  processed  should  be  selected  in  order  to  avoid 
propagation  of  errors. 

The  starting  point  of  the  modified  dealiasing  procedure  is 
the  classification  of  radar  data  in  ‘reliable’  and  ‘unreliable’, 
made  by  resorting  to  a  polarimetric  clutter  classification 
technique  [2]  that  utilizes  mean  absolute  and  differential 
reflectivity  maps,  besides  dry  clutter  maps  and  Doppler 
velocity  maps. 

THE  LED  TECHNIQUE 

We  briefly  recall  here  the  basic  steps  of  the  LED  technique, 
so  that  the  modifications  introduced  in  the  procedure  we 
propose  can  be  more  easily  understood  in  the  next  paragraph. 

The  LED  technique  is  based  on  an  initial  radial  continuity 
check  and  on  subsequent  error  checks: 
i)  Radial  continuity  check 

Initially,  the  velocity  of  the  current  range  gate  is  compared 
with  that  of  a  ‘valid’  (already  checked)  preceding  range  cell, 
but  not  farther  than  4  cells.  If  the  difference  between  the  two 
velocities  is  lower  than  a  given  threshold,  then  the  velocity 
examined  is  kept  unchanged.  Instead,  if  the  difference 
exceeds  the  threshold,  the  current  velocity  is  dealiased,  if  this 
is  possible,  by  adding  or  subtracting  one  or  more  Nyquist 
intervals,  and  the  new  value  is  taken  as  valid. 

Should  this  initial  check  fail,  an  average  of  nine 
surrounding  cells  -  four  of  which  belonging  to  the  current  ray 
and  closer  to  the  radar  and  five  in  the  adjacent  ray  -  is 
computed.  The  current  velocity  is  compared  with  this  average 
using  a  different  threshold;  if  it  cannot  be  dealiased,  the 
current  velocity  is  considered  not  valid  and  the  algorithm 
proceeds  with  the  error  checks.  In  case  that  none  of  the 
velocities  that  should  be  utilized  for  the  average  is  valid,  the 
algorithm  begins  a  local  search  for  a  valid  velocity 
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considering,  first,  the  current  ray  up  to  5  km  backward  and,  if 
no  valid  datum  is  found,  the  adjacent  ray  up  to  2.5  km 
forward.  If  this  check  fails  too,  the  velocity  is  assumed  as  not 
valid. 

ii)  Error  checks 

Besides  that,  the  routine  makes  a  few  checks  with  the 
purpose  to  avoid  the  propagation  of  possible  errors  occurred 
during  the  radial  continuity  check.  Three  kinds  of  checks 
have  been  implemented  in  order  to  detect  these  errors. 

The  first  check  is  activated  when  five  consecutive  not  valid 
velocities  are  detected.  The  first  datum  is  considered,  and  the 
initial  radial  continuity  check  is  executed  again,  comparing 
this  datum  with  the  preceding  one,  this  time  with  a  larger 
threshold.  If  the  check  fails,  the  comparison  is  made  utilizing 
an  average  of  15  velocities  of  the  preceding  ray. 

The  second  check  -  the  azimuthal  check  -  determines 
whether  the  difference  between  the  velocities  of  17 
azimuthally  adjacent  gates  along  the  current  ray  and  the 
preceding  ray  is  lower  or  higher  than  a  fixed  threshold.  If  all 
pairs  considered  do  not  fall  within  the  threshold,  the 
velocities  in  the  current  ray  are  corrected  using  a  least  squares 
technique. 

The  third  check  -  the  radial  check  -  verifies  if  there  are 
large  differences,  in  the  current  ray,  between  the  velocities  of 
two  consecutive  gates.  If  there  are,  the  velocity  data  are  not 
used  for  the  azimuthal  check  when  proceeding  with  the 
following  ray. 

RANGE  ADAPTIVE  MODIFICATION 
OF  THE  LED  TECHNIQUE 

In  case  the  radar  operates  in  hilly  terrain  and  at  low 
elevation  angles,  it  is  possible  to  have  relevant  effects  of 
screening  and  related  ground  clutter.  In  areas  where  these 
effects  prevail,  velocity  data  are  unreliable  or  even  missing 
due  to  excessive  power  loss.  As  evidenced  in  the  next  section, 
the  presence  of  a  great  percentage  of  such  areas  brings  about 
serious  problems  if  the  LED  technique  is  directly  applied, 
without  modifications. 

The  main  modification  with  respect  to  the  LED  technique 
is  the  a  priori  removal  of  radar  data  classified  as  ‘unreliable’. 
For  this,  a  polarimetric  method,  that  allows  the  classification 
of  radar  data  in  ‘reliable’  and  ‘unreliable’,  has  been  used 
before  applying  the  modified  dealiasing  procedure.  Such 
method  combines  in  a  more  complex  classification  test  some 
simple  elementary  tests  performed  on  clear  air  reflectivity 
maps  taken  at  the  given  elevation  angle,  absolute  and 
differential  reflectivity  maps,  besides  mean  Doppler  velocity 
maps  [2]. 

The  presence  of  clutter  areas  gives  rise  also  to  a  not 
negligible  problem,  i.e.  the  absence  of  data,  due  to  excessive 
power  loss.  This  is  another  aspect  the  dealiasing  technique  we 
propose  accounts  for  in  severi  points  that  follow. 

a)  The  local  search  performed  when  the  initial  radial 
continuity  check  fails  is  extended  by  adopting  a  iterative 


procedure  that  stops  as  soon  as  a  valid  datum  is  found.  Given 
the  current  gate,  at  the  generic  n-th  step  the  algorithm  checks 
whether  the  cell  located  n  gates  backwOTds  along  the  current 
ray  has  a  valid  datum.  If  this  does  not  happen,  the  check  is 
made  in  the  preceding  ray:  first  utilizing  the  cell  adjacent  to 
the  one  just  ‘removed’,  and  then  the  cell  located  n  gates 
ahead  with  respect  to  the  current  one. 

b)  The  first  error  check  (replacement  of  5  consecutive  not 
valid  velocities)  has  been  modified:  the  number  of  gates  of  the 
preceding  ray  to  be  taken  into  account  for  computing  the 
average  when  such  check  fails  has  been  increased  from  15  to 
21.  Furthermore,  the  gates  are  taken  symmetrically  with 
respect  to  the  current  cell. 

c)  Since  the  radial  error  check  cannot  be  always  performed 
on  a  continuous  set  of  valid  data,  it  is  not  possible  to  obtain  a 
general  uniformity  of  results  utilizing  the  'standard'  LED 
technique.  For  this  reason,  such  error  check  has  been 
removed,  thus  simplifying  the  algorithm  and  reducing  the 
processing  time. 

d)  The  choice  of  the  ray  where  the  whole  algorithm  is 
started  is  relevant  since  velocities  belonging  to  such  ray  are 
never  checked  through  the  azimuthal  error  check.  Therefore, 
dealiasing  errors  possibly  occurred  during  the  initial  radial 
continuity  check  applied  to  this  ray  may  propagate  to  rays 
processed  later.  For  this  reason,  a  few  not-optimal  starting 
areas  have  been  identified  on  Doppler  velocity  maps.  Such 
areas  are  located  near  extended  clutter  zones.  On  the  other 
hand,  given  the  starting  ray,  no  appreciable  differences  could 
be  evidenced  by  processing  velocity  maps  clockwise  or 
counterclockwise. 

Another  aspect  that  cannot  be  neglected  is  the  fact  that  the 
distance  between  azimuthally  adjacent  gates  is  variable:  in 
fact,  the  farther  the  cells  are  from  the  radar,  the  greater  is  the 
azimuthal  distance.  This  fact  has  induced  the  introduction  of 
further  modifications  that  follow: 

e)  The  procedure  performed  adopts  a  different  choice  of  the 
range  gates  used  for  the  computation  of  the  average  taken  as 
comparison  reference  when  the  initial  radial  continuity  check 
fails.  The  number  of  cells  taken  along  the  current  ray  has 
been  increased  from  4  to  6,  considering  also  that  some  Hgta 
may  be  missing  because  of  the  clutter.  The  5  cells  in  the 
adjacent  ray,  which  are  symmetrical  with  respect  to  the 
current  cell,  are  introduced  in  the  average  only  if  the  distance 
between  this  cell  and  the  radar  does  not  exceed  50  km.  This 
modification  is  justified  by  the  fact  that  getting  farther  from 
the  radar  the  distance  between  two  azimuthally  adjacent  cells 
is  more  than  900  m,  while  750  m  is  the  distance  from  the 
sixth  preceding  gate  along  the  current  ray  (we  refer  to 
POLAR  55C  parameters,  i.e.  an  azimuth  beamwidth  and  a 
pulse  duration  of  approximately  1°  and  1  ms,  respectively). 

f)  The  thresholds  used  for  comparing  velocity  data 
pertaining  to  adjacent  rays  have  been  set  adaptively  in  order 
to  account  for  the  distance:  8  m/s  within  the  first  300  range 
cells,  12m/s  for  the  following  300  cell,  19.2  m/s  for  the  last 
380  range  cells. 
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g)  The  azimuthal  error  check  has  been  performed  on  a 
more  limited  area;  in  this  way,  pairs  of  gates  differing  in 
distance  too  much  from  eachother  are  not  taken  into  account 
for  such  check.  Besides  that,  the  processing  time  of  the 
algorithm  is  heavily  reduced. 

RESULTS 

The  proposed  modified  dealiasing  technique  has  been 
applied  to  Doppler  velocity  maps  obtained  during  an  intense 
precipitation  event  occurred  on  October  30,  1992,  extended 
over  a  great  part  of  Tuscany.  A  preliminary  polarimetric 
classification  of  radar  data  has  been  applied  to  each  map, 
since  a  slight  variation  of  elevation  angle  influences  position 
and  size  of  areas  with  data  classified  as  unreliable.  Unreliable 
data  have  been  then  totally  removed  from  any  further 
processing,  typically  leaving  a  number  of  reliable  data 
ranging  from  33%  to  47%  of  the  total  covered  area  at 
elevation  angles  ranging  from  1.5°  to  2.5°.  Removed  data  are 
represented  in  white  in  Fig.  1;  we  show  them  together  with 
those  of  Fig.  2  as  a  quite  general  example  of  the  results  that 
have  been  obtained  by  means  of  the  modified  algorithm.  The 
presence  of  a  narrow  strip  extended  from  north-west  to  south¬ 
east  with  a  clear  discontinuity  in  the  velocity  field  is  evident 
in  Fig.  1.  In  fact,  radial  velocities  in  this  area  exhibit  jumps 
from  values  close  to  the  maximum  unambiguous  velocity  V„ 
(16  m/s)  to  values  close  to  -V„.  Fig.  2  shows  the  velocity  map 
obtained  after  the  application  of  the  modified  algorithm.  The 
mean  Doppler  velocity  field  exhibits  now  a  uniform  variation 
all  over  the  radar  coverage  area,  with  no  residual 
discontinuities.  This  is  particularly  evident  in  the 
aforementioned  north-west  south-east  strip,  where  the  initial 
discontinuity  has  been  removed.  It  must  also  be  pointed  out 
that  the  presence  of  a  high  percentage  of  unreliable  data, 
which  implies  missing  velocity  data  for  the  dealiasing 
technique,  does  not  affect  the  algorithms  effectiveness.  At  this 
regard,  notice  in  particular  the  center  map,  where  a  vaste 
clutter  area  has  been  removed  without  causing  any  error 
propagation  problem  in  other  zones. 
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Figure  1  Sample  mean  Doppler  velocity  map  with  an  evident 
aliasing  phenomenon  in  a  area  surrounded  by  extended  clutter 
and  missing  data  (the  former  removed  from  the  originally 
measured  map  through  the  polarimetric  classification 
procedure).  The  same  palette  is  used  as  in  Fig.  2  for  easier 
comparison.  Antenna  Elevation;  2.15°. 


km 


Figure  2  The  same  map  as  in  Fig.  1  after  application  of  the 
modified  LED  technique. 
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Abstract  —  The  Lidar  is  a  laser  beam  which  sent  vertically 
monochromatic  pulses  in  the  atmosphere.  The  analysis  of  the 
backscattered  li^t  provides  information  about  the  vertical 
structure,  composition  and  density  of  the  atmosphere  versus 
height.  The  temperature  profile  is  deduced  from  the  recorded 
density  profile.  Temperature  perturbations  are  associated 
with  gravity  waves  phenomenon.  It  is  now  widely  recognized 
that  atmospheric  gravity  waves  play  a  major  role  m 
determining  the  large  scale  circulation  and  structure  of  the 
middle  atmosphere.  The  aim  of  the  study  is  to  identify 
characteristics  of  these  particular  waves  (vertical  wavelength, 
height...)  above  Reimion  island.  Different  perturbation 
signals  are  analysed  with  an  usual  parametric  time -frequency 
tool  and  a  comparison  is  made  for  two  representative  periods. 

1.  INTRODUCTION 

Tropical  gravity  waves  are  an  important  contributor  of 
the  general  stratospheric  circulation  [1].  To  study  this 
phenomenon.  Reunion  isl2md  has  a  very  interesting 
geographical  position  (20®S,  55°E). 

A  perform  remote  sensing  system  is  efficient  to  survey 
middle  atmospheric  dynamics :  the  LIDAR  (Light  Detection 
and  Ranging).  It  operates  as  an  "optical  radar".  A  typical  lidar 
system  employs  a  laser  source  to  transmit  light  pulses  into 
the  atmosphere.  An  optical  telescope  mounted  adjacent  to 
the  laser  is  used  to  intercept  backscattered  echoes  from 
scatterers  in  the  path  of  the  transmitted  pulses.  Thus, 
temperature  profile  is  deduced  from  recorded  density  profile 
assuming  that  the  density  is  in  hydrostatic  equilibrium  and 
obeys  to  the  perfect  gas  law  [2].  The  profile  is  limited  upwards 
by  the  signal  to  noise  ratio  at  70-80  km  an  downward  by  the 
aerosols  contribution  which  are  superposed  to  Rayleigh 
signad.  Study  of  perturbation  signals  will  give  gravity  waves 
characteristics. 

In  a  previous  work  [3]  the  Smoothed  Pseudo  Wigner- Ville 
Distribution  (SPWVD)  was  applied  on  this  kind  of  signal.  At 
high  heights  (45-60  km)  we  have  obtained  gravity  waves 
characteristics  for  different  nights.  In  this  study  we  focus  on 
the  evolution  of  wavelengths  versus  heigth.  Magnitude  of 
gravity  waves  increases  with  height.  An  inconvenient  of  the 
SPWVD  is  its  difficulty  to  show  on  the  same  representation 
multicomponent  signal  with  low  and  high  magnitude.  For  this 
paper,  we  prefer  p^ametric  time-frequency  representations 
which  are  less  sensitive  on  the  magnitude  and  more  accurate 
with  low  number  of  samples.  We  represent  wavelength 
evolution  with  parametric  modeling  based  on  Autoregressive 
model.  The  aim  of  the  paper  is  to  study  gravity  waves 
performances  during  two  periods,  austral  •  summer  and 
winter,  and  also  for  different  atmospheric  layers. 

2,  INSTRUMENTAL  LIDAR  SYSTEM 

The  use  of  lidars  for  atmospheric  studies  has  known  a 
large  development  in  the  last  two  decades.  The  possibility  it 
offers  to  probe  at  a  distance  and  without  perturbing  the 


medium  several  physical  parameters  as  density,  temperature, 
wind,  turbulence  as  well  as  the  concentration  ot  specific 
atmospheric  constituants  has  opened  a  whole  domain  of 
application  for  studying  the  environment.  The  lidar  is  a  good 
tool  to  survey  atmosphere  due  to  its  possibility  to  give  a 
continuity  of  measurements,  to  its  easy  handling  and  to  its 
low  cost  of  operation.  Shorter  wavelength  range  gives  lidar 
systems  the  oppotunity  for  sensing  atmospheric  constituents 
and  properties  to  which  radar  was  insensitive. 

Oxir  lidar  configuration  is  classical :  it  is  a  monostatic 
system  in  which  the  laser  beam  is  projected  through  the 
receiving  telescope.  Backscattered  photons  collected  by  the 
telescope  are  focused  onto  a  photomultiplier  which  yields  an 
electronic  signal  proportional  to  the  received  light  flux.  Then, 
the  signal  is  sampled,  digitized  and  stored  in  a 
microcomputer. 

The  diagram  on  Fig.l  shows  that  lidar  system  can  be 
divided  into  three  subsystems  described  in  the  following 
lines  :  emission  source,  reception  device  and  detection  and 
storage  unit.  Lidar  characteristics  of  emission  and  reception 
are  given  Table  1. 

3.  TEMPERATURE  PERTURBATION  SIGNAL 

The  backscattered  photons  by  atmospheric  constituants 
from  layer  at  a  given  altitude  are  proportional  to  the 
atmospheric  density.  These  backscattered  photons  which 
result  m  an  elastic  interaction  between  emitted  laser  pulses 
and  the  atmosphere  are  collected  by  the  telescopes  and 
computed  after  reaching  the  photomultiplier  tubes.  Thus,  a 
temporal  analysis  of  the  number  of  backscattered  photons 
reveals  the  vertical  structure  of  the  atmosphere  layers  crossed 
by  the  laser  beam.  According  to  the  Rayleigh  theory,  when 
the  atmosphere  is  typically  molecular,  the  backscattered 
photons  number  is  right  away  proportional  to  the 
atmospheric  density. 

Assuming  that  the  atmosphere  obeys  the  perfect  gaz  law, 
is  in  hydrostatic  equilibrium,  and  the  molecular  air  mass  is 
constant,  the  temperature  profile  is  then  computed  from  the 
density  profile  [4].  A  mean  profile  is  obtained  with  a  lowpass 
filter  from  the  initial  temperature  profile.  By  subtraction  set 
of  these  two  profiles  we  ootain  the  temperature  perturbation 
profde  (see  fig.2).  Study  of  perturbation  signals  will  give 
gravity  waves  characteristics. 

Table  1  -  Lidar  characteristics 


EMISSION 

RECEPTION 

Laser 

Nd-YAG 

Area 

0,67  m2 

Wavelength 

532  nm 

Resolution 

150  m 

Pulse  energy 

300  mJ 

Det.  mode 

Phot.  Count. 

Emission  rate 

10  Hz 

Field  of  view 

3.10-4  rad 

Beam  div. 

0,5  10“"^  rad 

Operation 

Mai  1994 

0-7803-3068-4/96$5.00©1996  IEEE 


10 


Backscattcred  photons 
recepdon  optical 
fibers 


Reception 

Telescooes 


Laser  beam  emission 


Emission :  Laser 
MdYAG 
532.0  nm 


n 


Figure  1  -  Instrumental  Lidar  system 


Figure  2  -  Left  side  :  initial  temperature  and  temperature 
mean  profile  (in  Heavy).  Ri^t  side  :  Perturbations 
obtained  by  substraction  of  these  profiles 


4.  GRAVITY  WAVE 

It  is  now  widely  reco^iized  that  atmospheric  gravity 
waves  play  a  major  role  in  determining  the  large  scale 
circulation  and  structure  of  the  middle  atmosphere.  Gravity 
waves  are  generated  in  the  lower  atmosphere.  Various 
processes  have  been  proposed  to  explain  the  excitation  of 
gravity  waves  :  interaction  of  surface  winds  with  topography, 
wind  shear  associated  with  jet-streams,  geostrophic 
adjustement,  cumulonimbus  convection  and  various 
meteorological  disturbances  [1]. 


5.  PARAMETRIC  TIME-FREQUENCY 
REPRESENTATION 

5.1  Autoregressive  model 

For  an  order  p  autoregressive  (AR)  signal  modeling,  the 
signal  x( n )  at  time  n  is  modeled  as  a  linear  combination  of 
the  previous  p  samples  : 


a)  =  -^ 


a^x{n  -  fc)  +  e(n) 


(1.) 


e( a) is  the  model  error  [5]. 


5.2  Time-Frequency  representation 

An  advantage  of  this  model  is  its  high  frequency 
resolution  for  signal  with  small  number  of  samples.  On  the 
opposite,  FFT  methods  depends  directly  on  the  signal  size. 
In  our  case,  temperature  perturbation  signal  have  around 
120-150  samples,  it  is  not  enough  to  obtain  accurate 
time-frequency  diagrams  with  a  spectrogram  (classical 
time-frequency  representation  issue  from  FFT  technics). 

To  obtain  a  time-frequency  representation,  we  have 
computed  an  AR  spectrum  on  a  sliding  window.  The 
"mstantaneous”  spectrum  is  given  by  : 


5,(/,0  =  o^/ 


1  + 


exp(~72n//c) 


(2) 


^is  the  center  of  the  sliding  window,  o  ^  is  the  error  power. 


6  TIME-FREQUENCY  ANALYSIS 

Four  representative  nights  are  selected  for  this 
time-frequency  study :  two  in  winter  (22  and  23  iune)  and  two 
in  summer  (1  and  10  november).  The  associated  perturbation 
signal  is  represented  in  Fig.3.  Height  resolution  is  300  m.  We 
compute  an  AR  model  of  order  10  on  a  sliding  window  of  30 
samples  (9  km).  Four  time-frequency  representations  are 
shown  in  Fig.4,  they  show  wavelength  evolution  versus  heigth. 

In  june  (Fig.4.a,b),  the  waves  are  localized  in  6-8  km 
wavelen^h  range  in  stratosphere  and  low  mesosphere.  They 
are  relatively  stable  because  it  is  austral  winter  and  in  this 
season  there  are  less  meteorological  disturbance.  The 
jet-stream  subtropical  gets  closer  to  Reunion  in  august, 
convection  has  a  low  level...  These  waves  seem  to  be 
inertio-gravity  waves  generated  by  the  topography  (Reunion 
Island  has  a  maximum  heigth  of  about  3  km).  Different  waves 
appear  in  austral  summer  fFig.4.c,d).  Wavelength  range  is 
between  1,5  and  8  km  and  tneu  energy  are  more  important 
than  in  june  (see  fig.3).  In  the  two  diagrams  appeared  two 
wave  components.  Wavelengths  are  more  disturbed,  but  we 
can  notice  that  they  decrease  in  low  mesosphere  where 
components  of  2-3  km  wavelength  appear.  In  this  season 
convection  level  is  very  high,  it  can  explain  the  disturbance 
of  wavelength  and  the  increasing  of  energy. 

7.  CONCLUSION 

In  this  study,  different  temperature  perturbation  signals 
coming  from  a  lidar  remote  sensing  system  are  analysed  in 
term  of  wavelength  versus  height.  A  classical  parametric 
time-frequency  method  is  used  to  analyse  four  representative 
days. 

Comparison  between  time- frequency  diagrams  indicates 
that  waves  are  more  stable  and  more  locahzed  in  term  of 
wavelength  in  austral  winter.  In  this  season,  one  component 
is  predominant  which  wavelength  belong  to  the  6-8  km 
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bandwith.  We  suppose  that  this  kind  of  wave  have  topography 
origin.  On  the  opposite,  in  austral  summer,  wavelengths  are 
more  disturbed  and  have  higher  amplitude.  We  explain  this 
phenomenon  by  the  high  convection  level  in  this  season. 
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Figure  3  -  Temperature  perturbation  signals 
a:22/06/94,  b:23/06/94,  c;01/ll/94,  d:10/ll/94 
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Figure  4  -  Time-frequency  analysis  of  temperature  perturbations.  Wavelengths  versus  heights  are  given  for  the  four  days. 
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Abstract  -  The  problem  of  improving  estimates  of  rainfall 
intensity  over  the  sea  surface  through  spaceborne  rain  radars 
is  addressed.  The  backscattered  signal  is  composed  of 
volumetric  contribution  due  to  rainfall  and  of  the  sea  surface 
contribution.  When  trying  to  estimate  the  NRCS  of  the  sea 
surface,  one  of  the  major  difficulties  is  that  different  scale  of 
roughness  of  the  sea  surface  should  be  accounted  for  in  the 
same  e.m.  model:  the  larger  due  to  wind  and  the  smaller  due 
to  the  raindrop  splashes.  While  in  the  first  case  several 
models  are  available  in  the  literature,  in  the  second  case  only 
a  few  experimental  results  or  theoretical  studies  are  at 
disposal.  In  this  paper,  a  model  which  accounts  for  the 
additional  roughness  due  to  the  effects  of  the  raindrop 
splashes  is  analysed.  Furthermore,  an  enhanced  algorithm  is 
proposed  here  for  retrieving  rainfall  rate  profiles,  which 
utilises  the  relationship  between  sea  NRCS  and  rainfall  rate. 

INTRODUCTION 

Retrieval  of  rainfall  intensity  over  sea  surface  by  means  of 
spaceborne  rain  radars  is  getting  increasing  importance  for 
monitoring  environmental  parameters  on  a  global  scale.  Let 
us  consider  a  downward-looking  spaceborne  rain  radar 
operating  at  attenuating  frequency.  One  drawback  of 
attenuation  retrieval  techniques  is  the  heavy  additional 
attenuation  due  to  the  possible  presence  of  the  melting  layer, 
that  is  not  easy  at  all  to  predict  and  model. 

One  of  the  most  utilised  class  of  algorithms  considers  the 
case  of  a  single  wavelength  radar.  It  has  been  shown  that 
surface  the  referenced  technique  {kZS)  performs  generally 
better  than  other  single  frequency  methods  [1],  but  it  is  based 
on  the  knowledge  of  (Normalized  Radar  Cross  Section, 
NRCS,  of  the  sea  surface),  which  is  commonly  predictable 
only  very  approximately.  It  becomes  essential  to  determine 
the  NRCS  of  the  sea  and  how  it  is  influenced  by  the  surface 
corrugation  induced  by  rain.  In  order  to  obtain  an  e.m. 
formulation  to  predict  the  NRCS  that  takes  into  account  of 
both  the  roughness  contribution  induced  by  the  effects  of 
wind  and  raindrop  splashes,  the  Full  Wave  Model  (FWM)  for 
rough  surface  is  considered  [2].  It  will  be  shown  that  at  C- 
band  the  additional  effects  of  the  rain  are  negligible  respect  to 
those  of  wind,  thus  the  NRCS  at  C-band  could  be  utilised  to 
retrieve  the  corrugation  parameters  due  to  wind.  It  ^vill  be 
shown  that  the  Ku-band  is  sensitive  to  the  induced 
corrugation  of  the  rain  and  its  behaviour  when  varing  the 
rainfall  rate  R  is  predicted  and  utilised  in  rain  rate  retrieval. 
Due  to  the  strong  sea  return,  the  modified  cTg  alone  permits 


rainfall  rate  retrieval  directly  by  means  of  differential  echo 
measurements  pertinent  to  the  first  two  range  cells  above  the 
sea  surface.  At  nadir,  for  example,  the  first  range  cell  is 
substantially  affected  only  by  the  sea  echo  (that  is  much 
powerful  than  the  volumetric  one  present  in  the  same  range 
cell),  while  the  second  range  cell  is  affected  only  by  the 
volumetric  echo  due  to  rainfall.  The  two  power  measurements 
relative  to  the  two  different  cells  show  opposite  behaviours 
with  respect  to  the  variation  of  the  rainfall  rate,  thus  allowing 
the  estimation  of  rainfall  rate  at  sea  level  directly  by 
comparison. 

E.M.  MODELING  OF  SEA  SURFACE 

Let  us  consider  a  sea  surface  corrugated  by  wind  and  by  the 
effects  of  raindrop  splashes.  It  has  been  shown  that  the  crown 
and  stalks  phases,  following  raindrop  splashes,  are  important 
features  to  be  considered  for  analysing  backscattering  near 
grazing  incidence  angle,  while  ring  waves  are  important  for 
backscattering  at  incidence  angles  near  nadir  [3].  In  our  case, 
only  ring  waves  have  been  considered,  and  been  modeled  as  a 
random  process  with  characteristics  similar  to  those  of  the 
waves  generated  by  wind.  Since  our  purpose  was  an  accurate 
and  complete  polarimetric  description  of  the  sea  radar  return 
when  corrugated  by  two  statistically  independent  phenomena 
(wind  and  rain),  we  considered  the  e.m.  model  described  in 
[2], [4].  We  assumed  that  roughness  is  due  to  the 
superposition  of  the  two  random  processes  due  to  rain  and 
wind.  The  roughness  due  to  wind  and  to  rain  will  be  referred 
to  as  large  scale  and  small  scale  phenomenon,  respectively. 

As  a  preliminary  example,  for  the  sea  surface  roughened  by 
wind  we  resorted  to  the  Pierson-Moscowitz  spectrum  as  in 
[2],  with  a  zero  mean  Gaussian  surface  height  distribution. 
The  distribution  of  the  local  surface  slope  has  also  been 
assumed  as  zero  mean  Gaussian,  like  that  used  for  the  height 
of  the  surface  roughened  by  rain,  assumed  as  a  random 
process  with  a  wavenumber  spectrum  as  that  yielded  from 
experimental  results  given  in  [5] . 

The  height  standard  deviation  hj^(rms)  for  roughness  due  to 
rain  is  of  the  order  of  a  few  millimeters,  and  its  correlation 
length  of  the  order  of  a  few  centimeters.  Under  these 
hypotheses,  and  considering  the  values  for  the  wind 
roughness  given  in  [2],  it  can  be  easily  verified  that  the 
average  radius  of  curvature  of  the  rain  roughness  is  much 
larger  than  that  of  the  wind  roughness.  The  NRCS  has  been 
calculated  by  means  of  a  statistical  average  over  the  slopes 
and  over  the  heights.  Indicating  with  Lj^  and  L^  the 
correlation  lengths  of  the  roughness  due  to  rain  and  to  the 
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wind,  respectively,  we  have  »  Lj^.  Assuming  also  the 
two  random  processes  as  statistically  independent,  we  can 
write  the  total  NRCS  cTg  as  the  sum  of  two  NRCS: 

cf=a^+a«  (1) 

where 

=  Sir  {rr-^  ,Tr\rr)-  (2) 

rr 

V"  iy  ■  Tri\  p(jr)dTr 
and 

=  1  ,Tr' ,rr)  {rr-a-y)-  .(3) 

rr 

Q^(jr^  y  ,Tr)p{Tr)dTr 

The  term  is  the  NRCS  contribution  of  the  wind 
roughness  perturbed  by  rainfall,a^  is  the  NRCS  contribution 
due  to  rainfall,  pq  is  the  arbitrary  polarisation  of  incident  and 
radiated  waves  (H,V);  the  symbols  we  adopted  are  those 
defined  in  [4],  in  particular  the  term  A^(n^ ,n\n)  includes 

the  Fresnel  reflection  coefficients.  The  terms  and 

account  for  the  statistics  of  the  phase  of  the  e.m.  wave 
determined  by  the  height  distribution  of  the  rough  surface  and 
their  expression  are  in  [4].  The  integration  in  the  variable  dn 
means  that  the  result  is  averaged  along  the  slopes  of  the  large 
scale  surface  due  to  the  wind.  Notice  It  is  important  to  note 
that  the  terms  QR{n^ ^n\n)  in  the  component  are 
weighted  by  the  slope  of  the  large  scale  surface.  This 
corresponds  to  compute  the  NRCS  component  corresponding 
to  the  ring  waves  by  means  of  a  statistical  average  over  the 
slopes  of  the  surface  roughened  by  the  wind. 

SEA  NRCS  BEHAVIOUR  AT  C-  AND  Ku-B AND 

Some  preliminary  numerical  results  of  the  NRCS 
computations  are  discussed  in  the  following  for  the 
frequencies  of  5.6  and  13.75  GHz.  Wind  speed  is  supposed  to 
be  4.3  m/s  as  in  [2].  Surface  roughness  due  to  rainfall  is 
described  in  terms  of  standard  deviation  hj^(rms).  Indeed, 
is  related  to  the  rainfall  rate  R,  by  the  approximated  law 


h^  (mm)  =  0.163  l-yR(mmh"^)  (4) 

calculated  through  the  graph  in  [3]  obtained  for  an  artificial 
rain  falling  from  Im  height  and  using  energetic  consideration 
in  order  to  find  the  relationship  for  raindrops  falling  at 
terminal  velocity.  Nevertheless,  an  accurate  description  of 
such  relationship  is  not  available  in  the  literature,  and  for  this 
reason,  we  have  simply  chosen  hj^  as  the  parameter 
describing  sea  roughness  and  rainfall  intensity;  one  can 
obtain  the  NRCS  as  a  function  of  hj^  using  the  formula  (4). 


In  Fig.  1  the  W  component  of  the  NRCS  at  5.6  GHz  is 
plotted  versus  incidence  angle  in  the  absence  of  rainfall,  and 
in  the  case  that  additional  perturbation  due  to  rainfall  is 
present,  for  different  values  h^(rms)  of  the  surface  roughness. 
At  this  frequency,  the  NRCS  of  the  sea  is  strongly  dependent 
on  sea  wind  conditions,  while  it  is  slightly  dependent  on 
rainfall  intensity  as  shown  by  the  Figure. 

In  Fig.  2  the  W  component  is  plotted  at  a  frequency  of 
13.75  GHz.  When  increasing  rainfall  intensity  (increasing 
hj.(rms)),  a  decrease  of  the  NRCS  is  correspondingly 
oftained  for  incidence  angles  close  to  nadir;  this  phenomenon 
can  be  observed  for  all  incidence  angles  ranging  from  0°  to 
10°.  On  the  other  hand,  at  incidence  angles  ranging  from 
around  10°  tb  35°  an  opposite  trend  is  present,  i.e.  for 
increasing  intensity  an  increase  of  the  sea  surface  NRCS 
shows  up,  as  also  observed  in  the  laboratory  experiment 
described  in  [3].  At  this  higher  frequency,  the  NRCS  is  rather 
sensitive  to  rainfall  intensity. 

We  point  out  that  using  the  results  for  small  incidence 
angles  at  C-band,  it  is  possible  to  extract  the  component  of 
the  surface  roughness  only  due  to  the  wind.  On  the  other 
hand,  when  the  wind  condition  are  known,  at  Ku  band  we  can 
predict  the  roughness  due  to  the  corrugation  induced  by  rain. 

TWO-CELL  ALGORITHM 

The  variation  at  nadir  incidence  of  the  NRCS  of  the  sea 
surface  can  be  utilised  to  compute  the  rainfall  rate  at  sea  level 
by  comparing  the  first  two  contiguous  range-cells  above  the 
sea  surface.  From  that  comparison  the  rain  rate  and  the  value 
of  the  NRCS  of  the  sea  surface  can  be  obtained.  Due  to  the 
powerful  sea  return,  sea  backscatter  prevails  in  the  first  cell, 
while  in  the  second  cell  only  rainfall  backscatter  is  present.  If 
Pj  and  P2  are  the  powers  of  echoes  referred  to  the  first  and 
second  range  cell,  respectively,  a  simple  relation  is  [6]: 

a/R)  =  ■  K(R/  ■  (5) 

where  R  is  the  rainfall  rate,  JR)  is  the  NRCS  of  the  sea 
surface  depending  on  the  rainfall  rate  and  K(R)  is  the 
attenuation  factor  for  propagation  in  rainfall.  Knowing  the 
dependence  of  the  NRCS  as  a  function  of  the  rainfall  rate,  it 
is  possible  to  compute  R  by  means  of  the  ratio  between  the 
two  power  measurements  Pi  and  P2  .  The  key  point  of  this 
inversion  is  that  K(R)  and  as(R)  have  an  opposite  trend  with 
respect  to  rainfall  rate  variations.  In  Fig.  3,  a  numerical 
simulation  that  rapresent  the  estimation  of  the  as(R)  as  a 
function  of  a  simulated  rainfall  rate  R  is  reported.  The 
numerical  simulation  is  performed  by  finding  the  zeros  of  Eq. 
(5)  considering:  a  as  a  random  process  and  random  errors  in 
the  relationships  K(R)  and  as(R)  as  in  [1]  with  the  mean 
value  of  the  random  process  gJR)  obtained  by  means  of  Eq. 
(1).  In  Fig  3,  the  continuos  and  dashed  lines  represent  the 
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mean  value  and  the  standard  deviation  of  the  solution  of 
expression  (5),  respectively.  The  corresponding  rainfall  rate  is 
found  through  Eq.  (4).  When  the  rainfdl  rate  R  is  available  at 
sea  level,  it  can  be  used  as  the  starting  value  in  the  kZS 
algorithm,  aiming  at  extracting  the  rainfall  rate  heightprofile. 

CONCLUSIONS 

Several  models  are  available  in  the  literature  that 
characterise  the  sea  surface  interaction  with  e.m.  waves,  when 
such  surface  is  roughened  by  wind.  In  this  paper,  a  model  that 
takes  into  account  the  additional  surface  roughness  due  to 
rainfall  is  considered,  in  order  to  achieve  a  full  polarimetric 
description  of  the  radar  return.  Results  can  be  utilised  for 
rainfall  rate  retrieval  or  to  overcome  some  of  the  inherent 
ambiguities  associated  with  the  retrieval  algorithms.  These 
first  results  can  already  be  utilised  for  a  more  detailed 
characterisation  of  the  sea  surface  return.  The  same  model 
and  results  could  also  be  exploited  to  evaluate  algorithms  for 
scatterometer  wind  speed  computation,  in  order  to  cancel  the 
bias  introduced  by  the  rain  roughness  contribution.  An 
algorithm  for  rain  rate  retrieval  is  proposed;  it  is  shown  how 
theoretical  relationships  between  the  sea  NRCS  ^(R)  and 
the  rainfall  rate  R  can  be  exploited.  Such  information  can  be 
directly  used  to  retrieve  the  rainfall  rate  at  sea  level  by  direct 
comparison  between  the  power  echoes  pertinent  to  the  two 
first  range  cells  above  the  sea  surface.  This  technique  is 
independent  of  possible  ambiguities,  like  that  induced  by  the 
melting  layer  of  precipitation,  or  by  the  attenuation  factor 
along  the  path  from  the  second  cell  to  the  radar. 
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INTRODUCTION  AND  BACKGROUND 

A  critical  element  in  the  modelling  of  melting  hydrometeors 
is  the  characterization  of  the  complex  dielectric  constant. 
One  of  the  most  commonly  used  mixing  formulas  is  that 
given  by  Maxwell  Garnett  (1904).  Unlike  the  Debye  and  the 
Bruggeman  formulations,  the  Maxwell  Garnett  equation  is 
asymmetric  with  respect  to  the  roles  of  the  background  matrix 
and  the  inclusions.  In  particular,  an  ice  matrix  with  water 
inclusions  yields  a  dielectric  constant  that  differs  significantly 
from  a  water  matrix  with  ice  inclusions  with  the  same 
fractional  volume  contents.  Despite  the  expectation  that  the 
Maxwell  Garnett  (MG)  formulation  of  an  ice  matrix  with 
water  inclusions  be  applicable  to  a  partially  melted 
hydrometeor  with  small  fractional  water  content,  a  reversal 
of  the  ice  and  water  components  seems  to  better  reproduce 
certain  properties  of  the  scattering  characteristics  of  single 
particles  (Bohren  and  Battan,  1980,  1982)  as  well  as 
characteristics  of  the  radar  bright  band.  On  the  other  hand, 
experimental  measurements  with  acrylic-water  mixtures 
indicate  that  for  small  fractional  volume  contents  of  water, 
the  MG  formula  with  water  as  the  inclusion  must  be  used  to 
obtain  reasonable  agreement  with  the  measured  data  [Chylek 
etal.,  1988]. 

To  resolve  these  apparent  discrepancies,  accurate 
representations  are  needed  for  the  distributions  of  air,  ice, 
and  water  within  the  melting  graupel  particle  or  snow 
aggregate.  What  is  needed,  in  addition,  is  a  numerical 
method  flexible  enough  to  provide  the  scattering  properties  of 
mixed-phase  particles  with  complex  structure.  In  this  paper 
we  focus  on  the  latter  requirement  using  spherical  particles  in 
which  the  melt  water  within  the  ice  particle  is  taken  to  be 
uniformly  distributed.  Generalizations  of  the  results  to  ice- 
water-air  mixtures  and  to  non-uniform  distributions  of  melt 
water  within  the  particle  are  mentioned  briefly. 

CG-FFT  METHOD 

Unlike  conventional  methods  where  the  electric  field 
integral  equation  is  solved  by  a  direct  inversion  of  the  full 
matrix,  the  conjugate  gradient  (CG)  approach  solves  the 
integral  equation  by  means  of  iterative  algorithms.  As  the 
terms  in  the  series  solution  can  be  expressed  as  convolutions, 
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the  fast  Fourier  transform  (FFT)  can  be  used  to  reduce  the 
demands  on  computation  time  and  memory  allocation. 
Several  applications  of  the  CG-FFT  approach  to 
electromagnetic  scattering  problems  can  be  found  in  the 
literature  [e.g.,  Liao  and  Sassen,  1994].  In  general,  the 
method  has  great  flexibility  with  respect  to  the  shape  and 
material  of  the  particle.  Comparisons  between  the  CG-FFT 
and  Mie  theory  for  pure  ice  for  a  size  parameter  of  0.11 
shows  the  percentage  error  in  the  CG-FFT  estimates  of  and 
Ub  to  be  less  than  2%  for  both  the  16x16x16  and  the 
32x32x32  cell  approximations.  For  pure  water  particle  at  the 
same  size  parameter,  the  errors  in  and  are  less  than  6% 
if  a  32x32x32  cell  approximation  is  used. 

RESULTS  FOR  UNIFORM  ICE-WATER  MIXTURES 

To  compare  the  various  mixing  formulas,  the  backscattering 
and  extinction  coefficients  of  spheres  are  computed  using  Mie 
theory  where  the  dielectric  constant  of  the  scatterer  is 
determined  from  either  the  Debye,  Bruggeman  or  Maxwell- 
Gamett  mixing  formulas.  The  accuracy  of  the  mixing 
formulas  are  evaluated  relative  to  the  results  of  numerical 
computations  using  the  conjugate  gradient-  fast  Fourier 
transform  method  (CG-FFT).  To  perform  the  numerical 
computations,  the  sphere  is  divided  into  a  NxNxN  grid  of 
equal-volume  cells.  To  represent  the  distribution  of  water 
within  the  particle,  the  probability  that  melt  water  is  present 
at  a  particular  cell  is  prescribed.  For  the  case  of  uniformly 
distributed  water  in  an  ice  matrix,  where  the  fraction  of  water 
by  volume  is  f,  a  random  number  generator  is  used  to 
provide  sets  of  numbers  that  are  uniformly  distributed  in  the 
interval  between  zero  and  1.  For  the  jth  grid  point  of  the 
particle  (j  =  1,..,N^),  the  cell  containing  ice  is  replaced  by 
water  if  the  random  number  is  less  than  f.  A  realization  of 
a  particle  with  a  uniform  distribution  of  melt  water  is  shown 
in  Fig.  1  for  a  fractional  melt  water,  by  volume,  of  0.46.  In 
this  figure  the  cells  in  gray  represent  ice,  the  cells  in  black 
water  where  the  temperatures  of  the  ice  and  water  are 
assumed  to  be  0  C.  Having  constructed  the  mixed  phase 
particles  in  this  manner,  the  scattering  computations  are  made 
as  a  function  of  f  using  the  CG-FFT  method. 

Figs.  2  and  3  show,  respectively,  the  extinction,  o;,  and 
backscattering,  Ub,  coefficients  for  a  sphere  of  1.3  mm 
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Fig.  1:  2-D  view  of  a  realization  of  an  ice-water  sphere  with 
a  water  fraction  (in  black)  of  0.46. 


Fig.  2:  Extinction  coefficients  versus  the  fraction  of  water  by 
volume,  f,  in  an  ice-water  sphere. 


D=1.3  MM 


Fig.  3:  Same  as  Fig.  2  but  for  the  backscattering  coefficients. 


diameter  at  a  wavelength  of  3.9  cm  (ttD/X  =  0.105)  as  a 
function  of  the  volume  fraction  of  water,  f,  in  the  ice-water 
mixture.  Shown  in  each  figure  are  the  results  of  4  mixing 
formulas  (using  Mie  theory)  as  well  as  the  results  derived 
from  the  CG-FFT  method.  The  results  of  the  CG-FFT 
method  are  represented  by  the  solid  line  and  can  be  seen  to 
be  closest  to  the  Debye  and  MGj^  (ice  matrix/  water 
inclusions)  results  for  f  less  than  about  0.7.  For  f  >  0.5, 
however,  the  CG-FFT  results  begin  to  move  away  from  the 
MGjw  values  toward  the  MG^  (water  matrix/  ice  inclusions) 
and  Bruggeman  values.  Comparisons  of  the  various 
formulations  for  the  backscattering  coefficient,  cTb,  are  shown 
in  Fig.  3  and  follow  the  same  general  behavior  as  that  for  o;. 
Two  additional  features  of  Figs.  2  and  3  should  be  noted. 
The  values  of  the  scattering  coefficients  computed  by  the  CG- 
FFT  and  shown  as  the  solid  lines  were  done  for  N  =  16;  as 
the  fractional  water  content  increases,  however,  the  accuracy 
of  the  method  degrades.  For  this  reason,  the  CG-FFT  was 
recomputed  for  f  >  0.7  using  N  =  32  and  are  represented  in 
these  figures  by  the  open  circles.  A  second  point  is  that  if 
the  available  melt  water  is  distributed  in  increasingly  higher 
concentrations  near  the  boundary  of  the  particle,  the  CG-FFT 
scattering  coefficients  increase  toward  the  MG^  results.  The 
three  points  (*,  X  and  •)  at  f  =  0.64  show  an  example  of 
this  progression.  Although  this  provides  an  insight  into  how 
the  radial  distribution  of  water  can  affect  the  scattering 
properties,  the  remainder  of  the  paper  will  focus  on  the  case 
of  uniform  mixing. 

As  the  CG-FFT  computations  described  above  take  several 
orders  of  magnitude  longer  to  compute  than  the  Mie 
calculations,  they  are  of  limited  value  in  bright-band 
modelling  imless  the  computation  time  can  be  drastically 
reduced.  Moreover,  for  larger  particles,  the  CG-FFT  can  fail 
to  converge.  To  circumvent  these  limitations,  the  foregoing 
results  can  be  used  to  deduce  the  dielectric  constant,  €cg> 
which,  when  substituted  into  Mie  theory,  reproduces  the  CG- 
FFT  results  shown  in  Figs,  2  and  3,  This  procedure  can  be 
described  in  the  following  way:  for  a  fixed  value  of  the 
fractional  melt  water,  f,  the  extinction  and  scattering  cross 
sections  can  be  computed  by  means  of  Mie  theory  for  any 
value  of  €  selected  in  the  complex  plane.  This  process  is 
continued  until  an  €  (=  €cg)  is  found  that  yields  the 
backscattering  and  extinction  coefficients  closest  to  those 
estimated  from  the  CG-FFT  results.  The  results  of  these 
calculations  are  given  in  Figs.  4a  and  4b  where  the  heavy 
solid  lines  represent  the  real  and  imaginary  parts  of  €qq. 
Also  shown  on  the  figures  are  the  real  and  imaginary  parts  of 
the  dielectric  constants,  (€mgwi»  ^mgiw)  ^  predicted  by  the 
MGwi  and  MGj^  formulas,  respectively.  Inspection  of  the 
results  shows  that  for  small  values  of  f  €cg  is  well 
approximated  by  the  MG,^  results  but  that  as  f  increases 
beyond  about  0.7,  the  €cg  values  tend  toward  the  MG^ 
estimate. 
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A  pertinent  question  is  whether  €cg  can  be  accurately 
expressed  as  a  linear  combination  of  the  iw 

functions.  The  behavior  of  €cg  illustrated  in  Figs.  4  suggests 
that  functions  approximating  the  unit  step  function  are 
appropriate  choices.  One  such  parameterization  can  be 


written: 

Mccg]  =  0.5  {(l-erf(x))  Re(€Mowi)  + 

+  (l+erf(x))  Re(eMQj^)}  (1) 

Imteco]  =  0.5  {(l-erf(x))  Im(€MGwi)  + 

+  (l+erf(x))  Im(€M(3iw)}  (2) 

where 

erf(x)  =  (2A/ tt)  f  0*  exp(-y^  dy  (3) 

X  =  [(l-f)/f-t]//2q  (4) 


and  where  Re  and  Im  denote  the  real  and  imaginary  parts. 
Displayed  in  Fig.  4a  as  a  function  of  f  are  the  values  of  the 
right  hand  side  of  Eq.  (1)  for  t  =  0.2  and  q  ==  {0.25,  0.1}. 
The  corresponding  pair  of  curves  are  shown  in  Fig.  4b  for 
the  imaginary  parts.  As  in  Fig.  4a,  t  is  set  equal  to  0.2  and 
plots  of  Eq.  (2)  are  shown  for  q  =  {0.25,  0. 1}.  Examination 
of  the  results  indicate  that  Eqs.  (1)  and  (2)  with  t  ==  0.2  and 
q  =  0.1  yield  fairly  good  approximations  to  the  real  and 
imaginary  parts  of  CcoJ  stated  differently,  a  weighted  sum  of 
the  Maxwell  Garnett  mixing  formulas,  with  the  roles  of 
matrix  and  inclusion  interchanged,  provides  an  accurate 
representation  of  the  dielectric  constant  as  derived  from  the 
numerical  results. 


R0(dlelectric  constant)  vs  f 


Fig.  4a:  Real  parts  of  the  dielectric  constant  as  derived  from 
the  CG-FFT,  Maxwell-Gamett  formula,  and  Eq.  (1). 


Im(dielectric  constant)  vs  f 


Fig.  4b:  Imaginary  parts  of  the  dielectric  constant  as  derived 
from  the  CG-FFT,  Maxwell-Gamett  formula,  and  Eq.(I). 


SUMMARY 

Using  a  conjugate  gradient  numerical  method,  calculations 
of  the  scattering  coefficients  for  mixed  phase  hydrometeors 
were  made.  For  the  uniform  ice-water  mixtures  considered, 
an  effective  dielectric  constant  was  derived  and  compared 
with  the  predictions  from  the  Maxwell  Garnett  formula.  The 
flexibility  of  the  numerical  method  with  respect  to  the  spatial 
distribution  of  the  component  materials  offers  the  potential  to 
model  the  scattering  characteristics  of  complex,  mixed-phase 
hydrometeors. 
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The  multispectral  technique  for  passive  remote  sensing  of 
aerosol  formations  (chimney  smoke  tails  of  energy  plants, 
vehicle  engine  exhaust  gas  tails  and  others)  is  described.  It  is 
based  on  the  measurements  and  analysis  of  the  spectral- 
angular  distribution  of  the  solar  radiation  scattered  by  the 
aerosol  formation  using  the  spectrometer  as,  for  example, 
’’GEMMA  2-video”  [1]  (of  our  own  development)  and  TV 
camera  linked  to  it  in  order  to  visualize  the  observed  area  of 
the  object.  The  field  of  view  of  the  spectrometer  is  depicted 
on  the  video  frame  as  a  slit.  The  measurements  are  assumed 
to  be  made  from  the  board  of  a  helicopter,  airplane  or  the 
ground  surface . 

To  solve  the  inverse  problem  we  have  to  get  the  analytical 
expression  for  radiation  escaped  from  the  tail,  which  involves 
some  unknown  parameters,  such  as  optical  thickness  and  so 
on.  The  analytical  approximation  were  obtained  by  fitting  the 
numeric  Monte-Carlo  calculation  curves.  The  values  of 
unknown  parameters,  including  optical  thickness  and  phase 
function  parameter  of  aerosol  particles  are  then  calculated  by 
using  least  square  non-linear  regression  method. 

NUMERICAL  MODELING  OF  THE  SCATTERING  OF 

SOLAR  RADIATION  BY  AXIALLY  SYMMETRICAL 
TAILS 

To  solve  the  direct  problem  we  have  to  get  the  elementary 
volume  optical  parameters:  particle  concentration,  N , 
particle  size  distribution  function,  /(/*),  extinction 

coefficient,  phase  function  and  optical  thickness.  This 
information  is  received  by  the  Mie  theory  calculations. 
Monte-Carlo  calculations  of  radiative  transfer  inside  the 
axially  symmetrical  vehicle  engine  exhaust  gas  and  aerosol 
tail  are  then  made.  These  numerical  simulations  give  the 
directed  reflectance  coefficients  of  the  tail.  At  that  the  real 
processes  in  the  contrail  such  as  condensation  of  the  water 
vapor  and  chloride  hydrogen  and  water  deposition  on  the 
soot  particles  were  taken  into  account.  In  many  cases  the 
industrial  aerosols  consist  of  insoluble  particles  of  soot  for 
which  the  imaginary  part  of  refractive  index  close  to  1.  The 
water  covering  the  particles  lead  to  changing  of  the  particles’ 
optical  properties  and  transformation  of  the  initial  size 
distribution  function.  These  aerosols  are  described  by  the 
two-layer  particle  model  [2,3].  There  are  some  restrictions 
when  the  complete  scattering  matrix  is  being  calculated  for 


the  cases  of  the  small  core,  small  envelope  thickness’,  large 
diffiaction  parameters  with  absorbing  core.  The  restrictions 
arise  when  logarithmic  derivative  of  Riccati-Bessel  function 
with  complex  argument  is  calculated.  In  our  algorithm  [4]  of 
the  two-layer  particle  scattering  matrix  calculation  the 
expansion  of  the  logarithmic  derivative  of  Riccati-Bessel 
function  into  the  chain  fraction  is  used.  Due  to  some 
algebraic  operations,  avoiding  of  using  the  complex 
arithmetic,  and  some  optimizations  the  program  effectiveness 
was  improved  considerably.  The  double  precision  is  not 
needed.  There  are  no  restrictions  on  the  diffraction  parameter 
and  the  optical  properties.  The  calculation  speed  has 
increased  at  least  the  order  of  magnitude  comparing  to  [2,3]. 
Results  of  calculations  the  program  were  compared  with 
the  results  of  [5]  for  complex  refractive  index  m  = 
=1,32  -  /  1000  and  the  diffraction  parameters 

X  =  2k  rjX^Q.l  -  610.61.  Complete  coincidence  of  the  all 

meaning  figures  was  achieved.  For  the  two-layer  particles  the 
comparison  was  carried  out  with  the  results  of  [2,3]. 

At  the  beginning  the  smoke  tail  has  approximately  an 
axially  symmetrical  form.  It  may  be  modeled  by  several 
cylinders  with  the  different  radii.  The  transversal  sizes  of 
the  smoke  contrails  are  usually  much  less  then  the 
longitudinal  ones.  It  is  possible  to  use  the  indefinite  cylinder 
approximation  for  the  scattering  coefficients’  calculations  of 
cylinder  when  transversal  radiation  fluxes  are  much  more 
longitudinal  ones.  This  approximation  reduces  the 
computational  time  because  of  photon  drawings  in  Monte- 
Carlo  algorithm  carried  out  only  in  the  plane  perpendicular 
to  the  cylinder  axes. 

We  have  considered  the  sun  light  scattered  by  condensed 
particles  and  products  of  burning  in  a  contrail  behind  a 
rocket.  The  boundary  conditions  for  the  contrail  equations 
are  the  gas  dynamic  parameters  at  the  end  of  the  rocket 
exhaust.  In  particular,  at  the  height  10  km  the  boundary 
conditions  for  this  model  are:  jet  radius  5  m,  temperature 
1000°K,  gas  speed  relatively  ambient  air  200m/s,  mole  parts 
of  water  vapor  and  chlorine  hydrogen  are  0.03  and  0.02 
respectively.  Monodispersive  soot  particle's  concentration 
with  size  0.1pm  is  considered  to  be  equal  5- 10^  cm’^.  The 
condensation  is  an  equilibrium  process,  because  of  the 
slowness  of  the  contrail  parameter  changes.  Condensation  of 
water  vapor  and  chloride  hydrogen  is  calculated  using  the 
approach  [6],  It  is  assumed  that  the  all  condensate  deposits 
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on  the  soot  particles.  The  obtained  for  this  process  particle 
size  is  considered  to  as  average  size,  Scattering  coefficient 
AI2O3  at  the  beginning  of  the  contrail  is  0.5- lO'  cm'. 
Elementary  volume  phase  function  was  determined  as 
average  weighted  of  phase  functions  for  AI2O3  particles  and 
for  soot  particles.  Particle  size  distribution  function  has  a 

form  •  The  contrail  parameters  at  the 

altitude  10  km  for  the  time  moments  from  the  beginning  of 
condensation  f=  1,  7,  20,  100  s  were,  respectively,  the 
following:  contrail  radii  {m)  -  9,  14,  22,  55;  soot  particle 
concentrations  (l/cm3)  -  1.3E+6,  5.0E+5,  2.0E+5,  3.5E+4; 
average  soot  particle  radii  (pm)  -  0.1, 0.188,  0.565,  0.555. 
The  directed  scattering  coefficient  is  obtained  by 

dividing  the  scattered  flux  into  the  direction  Q*on  the 
incident  radiation  capacity  and  is  measured  in  units  of 
Stef'.  There  are  the  directed  scattering  coefficients 
calculated  for  the  aforementioned  data  for  wavelength 
X  =0.5  |uw  and  different  angles  of  view  in  the  Tab.  1  and  2. 
The  sun  rays  are  perpendicular  to  the  cylinder  axis.  The 
signs  mean,  correspondingly,  that  observation  is 

carried  out  in  the  plane  of  the  sun  beam  arrival  in  opposite 
direction  (back  reflection),  perpendicular  the  plane  and  in 
the  direction  arrival  (transmittance).  0  is  the  view  angle  in 
each  of  this  planes  relatively  to  the  cylinder  axis. 

The  tables  show  that  the  contrail  optical  thickness  and  the 
directed  scattering  coefficient  of  cylinder  increase  with  the 
beginning  condensation.  Only  in  the  direction  backward  to 
ray  arrival  direction  the  scattering  coefficient  decreases  with 
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the  increasing  of  optical  thickness.  It  is  caused  by  phase 
fimction  changing  because  of  the  condensation. 

THE  METHOD  OF  DETERMINING  THE  AEROSOL 
PARAMETERS 

Let  spectral  brightness  of  the  radiation, 

scattered  by  the  fixed  area  of  the  tail  along  the  observation 
direction  fi*.  Then  for  the  briglrtness  measured  from  the 
distance  L  along  this  direction  it  may  be  written  down  [7]: 

4(45*)  =  44^)e)?3[-Tl(0,Z,)]  +  (1) 

+]cx{l)Sx(l,^*)exp[-xl(l,L)]dl 

0 

Here  6j^=CTj^+a^-  spectral  extinction  coefficient  in 

the  atmosphere,  the  spectral  optical  thickness  in  the 

atmosphere  and  source  function  of  the 

atmosphere  at  the  point  /  in  the  direction  Q* . 

When  there  is  clear  sky  or  unbroken  clouds  the  soiuce 
function  may  be  considered  the  constant  along  the  sounding 
path  [7],  i.e.  instead  of  (1)  it  may  be  written 

h(L,n*)  =  Bx(n^)exp[-xl(0,L)]+  (2) 

)\i-exp[-xl(0,L)^ 

From  this  equation  it  directly  follows,  that  with  good 
accuracy  the  source  function  for  assign  direction  is 
determined  by  measurement  of  the  atmospheric  brightness  at 
the  infinity  (observation  beside  the  object,  close  to  it). 

Practically  it  is  sufficient  that  X  ^  >  3  -F 4  in  order  to 

h(^,n*)  =  (0,95 -M)  •  (3) 

There  are  the  known  techniques  of  determination  the 
atmospheric  extinction  coefficient  by  measuring  the 
brightness  of  two  contrasting  surfaces  from  two  different 
distances  [8],  To  obtain  the  atmospheric  extinction  coefficient 
8;;^  along  the  path  it  is  sufficient  to  measure  the  smoke 

tail,  Bx  nearby  background  brightness  spectra  at 
two  different  distances  along  the  same  direction:  Bx\ ,  Bx\  ^ 
Bxi*  Bx2  Than  coefficient  is  calculated  by  the  formula: 

=  4, >42  ^ 

w'here  AL  is  the  distance  between  two  points  of  measuring 
(41.42)  Thus,  if  only  ^'^.(q’)  and  have  found,  the 

haze  influence  is  excluded  from  (2),  and  the  values 
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of  the  spectral  brightness  of  the  tail  are  restored.  Father,  we 
can  consider  that  (we  omit  argument  X  hereinafter) 

where  it, are  the  brightness  and  directed 

scattering  coefficient  of  the  tail,  respectively,  calculated  in 
singl-scattering  approximation,  o,,r?2,  ^re  some 

parameters.  The  analytical  form  of  ,a^,a2,..^  have 

been  investigated  on  the  base  of  calculations  the  ratio 
kj^(2(Q* ) I k^(Cl*),  i.e.  the  ratio  of  the  scattering 
coefficient,  which  takes  into  account  the  all  multiple¬ 
scattering,  to  that  one  in  the  single-scattering 

approximation,  k^(Q*).  The  coefficient  )  was 

calculated  using  Monte-Carlo  simulation  procedure  for  the 
homogeneous  infinite  cylindrical  tail  with  various  radius 
optical  thickness’,  ,  and  with  various  scattering  phase 

functions.  This  approach  is  most  convenient  if  )  is 

the  function  of  one  variable,  therefore  the  some  fixed 
detecting  plane,  containing  cylinder  axes,  was  chosen.  For 
example,  in  the  case  when  tliis  plane  is  normal  to  the  solar 

rays  incident  plane  the  xdX\ok^Q(^* )/ k^(^ )  is  well 
approximated  by  the  following  function: 

)=\+\[-e)p(-x*  )- 

-0,5t*  exp(-x*  a cos^(0*  ^ 

xja, -a2C’/2('0‘ -0j]  (6) 

Where  0*,0^-  observing  and  solar  incidence  direction 

angles  with  cylinder  axes,  x*  is  the  effective  optical 
thickness  of  the  cylinder.  The  function  F(Q* )  contains 
four  unknown  parameters:  x* ,  o,,  a^,  O3  and  adding  some 

ones,  which  depends  on,  we  thus  get  from  (5)  the 

parameter  dependent  function  for  every  ?^and  0*,  which 
serves  to  finding  the  unknown  parameters: 

F(0*)=  5,(0*,T,,g)F(0*,«,,«2,«3)’  (7) 

g  -  phase  function  asymmetry  factor.  In  (7)  5  ^0  *  ^  -is  the 

experimentally  measured  value,  F  -is  received  by  numerical 
modeling,  is  analytically  calculated.  It  is  also 

supposed,  that  the  solar  flux  on  the  tail  level,  which 


depends  on,  is  measured  at  the  experiment  using  neutral 
attenuating  filter. 

By  now  the  calculations  and  retrievals  of  the  parameters 
and  g  have  been  made  for  not  large  optical  thickness’, 
<  2  using  the  direct  problem  Monte-Carlo  results.  The 

accuracy  of  retrieval  was  about  15-30%.  At  this  the  initial 
data  were  also  given  with  not  high  accuracy  (Monte-Carlo 
calculations  errors  was  about  10%). 

The  following  conclusion  may  be  made: 

-  the  proposed  technique  of  passive  aerosol  remote  sensing 
may  be  used  for  determining  the  basic  aerosol  parameters 
with  the  satisfactory  practical  accuracy  after  some  additional 
work  will  be  done. 

REFERENCES 

[1]  B.l.  Belyaev,  Veller  V.V.,  Kiselevskii  L.I,  “Interactive 
micro-processor-based  videospectropolarimetric  system 
“Gemma  2-video,”  Thesis’s  of  papers  of  Inter¬ 
department  scientific-technical  conference  “Statistical 
Methods  and  Data  Processing  systems  for  the  Remote 
Sensing  of  the  Environment,”  Minsk,  pp.  74-75,  1989. 
(in  Russian). 

[2]  C.F.  Borhen,  D.R.  Huffman,  “Absorption  and  scattering 
of  light  by  rmall  particles,”  John  Wiley  &  Sons,  Inc., 
1983. 

[3]  J.M.  Krekov,  R.F.  Rahimov,  “Optics-location  model 
of  continental  aerosol,”  Eds.  Novosibirsk:  Nauka,  1982, 
199  p. 

[4]  V.P.  Nekrasov,  K.I.  Fefilov,  “New  calculation 
algorithm  for  two-layer  particle  scattering  matrix  and 
sea  aerosol  optical  characteristic  investigation,”  Thesis 
of  reports  at  the  conference  Problems  of  complex 
automatization  of  hydrophysical  investigation.  - 
Sevastopol,  1989,  p.  90-91  (in  Russian). 

[5]  A.R.  Jones,  “Calculation  of  the  ratios  of  complex 
Riccati-Bessel  functions  for  Mie  scattering,”  J.  Phys., 
vol.  D16,  pp.  49-52,  1983. 

[6]  J.W.  Meyer,  “Kinetic  model  for  aerosol  formation  in 
rocket  contrails,”  AIAA  J.,  vol.  17,  No  2,  pp.  135-144, 
1979. 

[7]  B.l.  Belyaev,  L.V.  Katkovsky,  V.P.  Nekrasov,  A.L. 
Biijukov,  “Multispectral  Technique  for  Passive  Remote 
Sensing  of  Aerosol  Atmospheric  Pollution  Using 
Ground  Based  or  Aircraft  Measurements,”  in 
Proceedings  of  the  International  Aerosol  Symposium, 
Moscow,  21-25  March,  1994,  vol.  1,  Moscow,  Aerosol 
Technology  Ltd.,  pp.  AT1-21-AT1-38. 

[8]  M.V.  Kabanov,  D.M.  Kabanov,  S.M.  Sakerin, 
“Aerospace  borne  methods  of  optical  atmospheric  depth 
and  light  extinction  coefficients  determination,” 
Atmospheric  Optics,  vol.  1,  No  1,  pp.  107-114,  1988. 


21 


Investigation  of  the  Anisotropy  of  the  Atmospheric  Turbulence  Spectrum  in  the  Low  Frequency  Range 

Vladimir  P.  Lukin 


Institute  of  Atmospheric  Optics,  Siberian  Branch  of  the  RAS, 
av.Academicheski,  1,  Tomsk,  634055,  Russia 
tel.:(382-2)25-9606,  fax:  (382-2)25-9086,  e-mail :ZUEV@IAO.TOMSK.SU 


Abstract  -  This  paper  deals  with  the  analysis  of  optical  meas¬ 
urements  data  on  the  atmospheric  turbulence  characteristics. 
Some  conclusions  are  drawn  on  the  variability  of  the  most 
large  scale  component  of  the  turbulent  inhomogeneities, 
spectrum  for  the  atmosphere  as  a  whole  and  for  the  boundary 
atmospheric  layer  as  well.  We  will  analyze  several  years 
experimental  studies. 

INTRODUCTION  IN  MODEL  OF  ATMOSPHERIC 
TURBULENCE 

The  fact  must  be  taken  into  account  that  for  large  scale 
inhomogeneities  close  in  size  to  the  outer  scale  of  turbulence 
the  assumption  on  local  isotropy  is  not  strictly  correct  for  the 
real  atmosphere  [1-3].  Nevertheless,  in  the  practical  calcu¬ 
lations  of  fluctuations  of  the  optical  fields  various  models  are 
used  to  describe  spectrum  in  the  region  of  large  scales  [4,  5]. 
These  models  have  already  had  two  parameters,  one  of  which 
was  the  so  called  outer  scale  of  turbulence. 

It  is  well  known  that  the  atmospheric  turbulence  as  any 
motion  with  dissipation,  can  exist  as  the  stationaiy  phe¬ 
nomenon  only  in  the  presence  of  energy  sources.  Energy 
enters  into  the  turbulent  from  the  larger  scales  of  motions. 
All  these  motions  breaking  down  due  to  the  instability  serve 
as  a  basis  for  the  entire  spectrum  of  the  turbulent  inhomoge¬ 
neities.  The  region  of  the  large  scale  inhomogeneities  is 
most  closely  related  with  all  local  meteorological  parameters, 
first  of  all  with  the  fields  of  the  wind  velocity  and  tempera¬ 
ture  and  their  gradients.  Naturally,  the  properties  of  the  cor¬ 
responding  statistical  characteristics  of  optical  waves  are  also 
dependent  on  the  direction  [8-10]. 

Let  us  consider  the  pecularities  of  the  random  displace¬ 
ments  of  the  image  formed  in  the  surface  layer  of  the  atmos¬ 
phere  on  the  horizontal  atmospheric  path.  Therefore,  if  the 
atmospheric  turbulence  spectrum  is  anisotropic,  the  anisot¬ 
ropy  of  jitter  in  the  low-frequency  range  could  be  expected. 

Experiments  were  performed  under  conditions  of  the 
model  thermal  turbulence  and  in  the  real  atmosphere  on  the 
uniformly  near  ground  paths.  The  sharp,  especially  at  low 
altitudes,  difference  of  the  variances  of  the  random  displace¬ 
ment  of  the  beam  in  the  vertical  and  transverse  directions 
was  observed  that  indicated  on  the  turbulence  anisotropy. 
With  increase  of  the  altitude  the  inhomogenuities  became 
more  isotropic  while  the  variances  became  comparable  [2,9]. 

Measurements  were  performed  at  the  scientific  station 


of  the  Institute  of  Atmospheric  Optics  of  the  RAS.  From  the 
measurements  of  the  position  of  the  maximum  in  the  spectra 
we  can  estimate  the  outer  scale  of  the  turbulence  Lo  as  well 
as  its  components.  The  ratio  of  the  variances  characterizing 
the  anisotropy  of  the  turbulence  spectrum  in  the  low- 
frequency  range  varied  from  the  value  of  the  order  of  1  to 
2.1.  And  as  early  as  in  these  first  measurements  (1978)  it 
was  found  that  the  value  outer  scale  by  itself  and  its  compo¬ 
nents  vary  as  functions  of  the  value  and  sign  of  the  parameter 
of  the  thermodynamic  stability  of  the  atmosphere.  The  outer 
scales  of  the  turbulence  were  calculated  from  the  optical 
measurements  and  it  was  found  [3-5,  9]  that  they  lay  in  the 
range  from  80  cm  to  2.5m. 

EXPERIMENTAL  SETUPS 

First,  we  will  give  the  specifications  of  the  used  measur¬ 
ing  facilities.  For  some  reason,  if  the  model  parameter  Lo 
was  adjusted  based  on  simultaneous  measurements  of  fluc¬ 
tuations  of  some  optical  parameter  and  the  turbulence  in¬ 
tensity  they  certainly  must  be  followed  by  the  measurements 
of  the  mean  meteorological  parameters,  such  as  mean  gradi¬ 
ents  of  temperature  and  the  wind  velocity,  transverse  compo¬ 
nent  of  the  mean  wind  velocity  at  the  altitude  of  the  optical 
radiation  propagation,  and  the  variance  of  the  wind  velocity 
fluctuations.  In  the  experiments  two  classes  of  measuring 
devices  were  employed:  measurers  of  the  temperature  and 
wind  velocity  at  fixed  altitudes  (measured  quantities  were 
used  for  calculating  the  structure  temperature  parameter  and 
the  instability  parameter  B),  and  an  optical  meter  of  fluctua¬ 
tions  of  angle  of  arrival  along  two  perpendicular  directions. 

INVESTIGATION  OF  THE  ANISOTROPY  OF  THE 

SPECTRUM  OF  ATMOSPHERIC  TURBULENCE 

Together  with  the  dependence  of  the  outer  scale  of  tur¬ 
bulence  on  variations  of  meteorological  parameters  of  the 
atmosphere,  there  exists  anisotropy  of  the  atmospheric  prop¬ 
erties,  in  other  words,  inhomogeneities  with  dimensions  ex¬ 
ceeding  several  meters  possess  the  properties  that  depend  on 
direction.  As  a  consequence,  the  properties  (correlation 
characteristics)  of  some  parameters  of  optical  waves  appear 
to  be  direction-dependent.  For  example,  random  displace¬ 
ments  of  an  image,  which  is  formed  by  the  optical  radiation 
passed  through  the  surface  atmospheric  layer  along  a  hori- 
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zontal  path,  exhibit  such  properties. 

Investigations  of  the  fluctuations  of  image  displace¬ 
ments  occurring  due  to  the  atmospheric  turbulence  were  con¬ 
ducted  along  a  horizontal  path  100m  in  length  located  at  the 
altitude  of  2.5m  over  the  ground  surface  covered  with  ap¬ 
proximately  20cm  long  plant  canapies.  A  collimated  laser 
beam  (0.63  pm  wavelength  and  1.3cm  diameter)  was  used  as 
a  radiation  source.  Random  displacements  were  measured 
with  a  tracking  system  [2,  9]  at  the  focus  of  an  objective 
(220-270cm  focal  length).  The  displacements  of  the  image 
in  two  perpendicular  directions  were  recorded  simultane¬ 
ously.  Meteorological  measurement  support  of  this  optical 
experiment  involved  measurements  of  the  mean  temperatures 
and  wind  velocities  at  heights  5m  and  1.25m  and  at  the 
height  of  the  beam  propagation  the  pulsations  of  these  pa¬ 
rameters  have  also  been  measured.  In  addition,  at  this  height 
the  pulsations  and  mean  values  of  the  vertical  and  horizontal 
components  of  the  transverse  wind  velocity  were  measured. 
The  primary  sensors  of  the  meteorological  measurement 
system  were  mounted  on  a  mast  installed  in  the  vicinity  of 
the  optical  receiver. 

For  estimating  the  anisotropy  of  the  turbulence  spectrum 
in  the  low-frequency  region  the  comparison  of  the  corre¬ 
sponding  variances  can  be  used.  The  so-called  coefficient  of 
anisotropy  K,  being  obtained  immediately  in  the  experiment, 
varied  in  the  interval  from  0.62  to  2.57  with  the  mean  value 
jQn  =1.57  that  indirectly  indicated  that  the  temperature  in¬ 
duced  optical  inhomogeneities,  which  produce  the  phase 
fluctuations,  were  anisotropic  in  the  large-scale.  In  addition, 
the  relationship  is  quite  obvious  between  the  K  value  and  the 
instability  parameter  B. 

Let  us  compare  the  measured  variances  (and  their  ra¬ 
tios)  with  those  calculated  using  the  model  of  the  turbulence 
spectrum  allowing  for  the  finiteness  of  the  turbulence  outer 
scale.  In  the  numerical  calculations  we  use  the  model  of  the 
turbulence  spectnim  that  makes  it  possible  to  introduce  two 
scales  for  the  outer  scale  of  turbulence. 

In  the  general  case  for  estimating  the  observed  anisot¬ 
ropy  of  the  image  jitter  K  one  should  use  appropriate  for¬ 
mula.  It  follows  from  this  formula  that  the  measured  K  val¬ 
ues  can  be  explained  with  the  help  of  the  spectrum  as  a 
model  with  two  different  projections  of  the  outer  scale  of 
turbulence  into  the  vertical  and  horizontal  directions.  In 
addition  vertical  component  of  outer  scale  is  always  smaller 
than  horizontal  component. 

INVESTIGATION  OF  THE  ATMOSPHERIC 
TURBULENCE  DYNAMICS  ON  THE  BASIS — OF 
ASTROCLIMATIC  OBSERVATIONS 

Let  us  finally  analyze  the  data  on  the  astroclimatic  char¬ 
acteristics  obtained  in  the  region  of  the  Elbrus  mountain. 
These  measurements  were  conducted  at  the  Special  Astro- 


physical  Observatory.  In  our  analysis  of  the  experimental 
data  we  assume  that  the  atmosphere  is  stratified  and  its  in¬ 
homogeneities  have  the  shape  of  elongated  ellipsoids  of 
revolution.  This  implies  that:  (1)  In  the  case  of  vertical 
propagation  (precisely  along  the  zenith  direction)  the  image 
jitter  must  be  practically  isotropic.  (2)  If  the  underlying  sur¬ 
face  is  isotropic  then  the  anisotropy  of  the  jitter  of  an  optical 
source  image  must  be  maximum  for  the  case  of  horizontal 
propagation  and  will  be  determined  by  the  atmospheric  in- 
stability^ 

In  the  experiment  we  have  used  the  measurer  of  fluc¬ 
tuations  of  the  angles  of  arrival  of  the  optical  waves  based  on 
the  telescope  as  a  photoelectric  adapter.  This  adapter  was 
manufactured  based  on  the  soviet  dissector  LI -609  [I].  The 
parameters  of  the  telescope  and  the  measurer  ensure  the  de¬ 
termination  of  angular  position  of  the  center  of  gravity  of  the 
focal  spot  with  the  accuracy  of  about  0.08"  and  the  measure¬ 
ments  of  its  deviation  in  the  frequency  range  from  0.0 1  to 
lOOHz.  The  signals  proportional  to  the  deviations  of  the 
center  of  gravity  along  two  perpendicular  directions  were 
processed  on  a  computer.  We  calculated  the  corresponding 
variances,  spectral  densities  of  the  processes,  as  well  as  the 
distribution  probability  densities  in  the  case  of  256  levels  of 
digitizing. 

The  meteorological  instrumentation  allowed  obtaining 
the  data  for  calculating  the  structure  parameter  of  tempera¬ 
ture,  mean  wind  velocity  at  the  altitude  of  2.5m  above  the 
underlying  surface,  the  mean  gradients  of  temperature  and 
wind  velocity.  In  the  first  stage,  the  measurements  were 
conducted  under  the  controlled  conditions  of  a  homogeneous 
horizontal  path.  To  this  end  a  point  light  source,  i.e.,  the 
electric  bulb  supplied  by  a  source  of  stabilized  voltage,  was 
placed  at  the  distance  of  1685m  from  the  telescope.  As  a 
result  we  have  obtained  the  values  of  the  variance  of  an  im¬ 
age  jitter  and  theirs  orthogonal  components 

However,  under  the  near-surface  conditions  one  cim  ex¬ 
pect  a  strong  anisotropy  of  the  turbulence  that  leads  to  the 
anisotropy  of  the  jittering  process.  We  shall  use  the  value  K 
the  ratio  of  variances,  to  characterize  the  measure  of  anisot¬ 
ropy  of  the  image  jitter  process.  The  data  of  synchronous 
meteorological  and  optical  measurements  carried  out  along  a 
near  surface  path,  each  being  averaged  over  16  measure¬ 
ments,  are  presented. 

It  is  obvious  from  the  data  that  at  small  wind  velocities 
the  increase  of  the  temperature  instability  (the  positive 
growth  of  the  temperature  gradient)  reduces  the  turbulence 
intensity,  but  causes  an  enhancement  of  the  anisotyopy  of  the 
temperature  field  (growth  of  K).  The  earlier  indications  of 
the  anisotropy  of  a  source  image  jitter  in  the  surface  atmos¬ 
pheric  layer  can  be  found  in  Ref.  9. 

At  the  next  stage  jittering  of  images  of  stars  caused  by 
the  atmospheric  turbulence  were  observ^ed.  During  the  whole 
observation  period  more  than  2000  realizations  (with  their 
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durations  ranging  from  10  to  500s)  of  the  star  image  jitters 
were  obtained.  About  40  different  stars  were  used  in  the 
measurements.  The  position  of  an  observed  star  is  described 
by  two  angles,  i.e.,  the  azimuthal  A  and  zenith  Q  angles.  In 
the  process  of  the  jitter  recording  we  have  determined  the 
zenith  and  azimuth  angles  of  a  star  while  its  stellar  magni¬ 
tude  was  available  from  a  catalog.  The  sensitivity  of  the 
photoelectric  measurer  provided  reliable  measurements  of  the 
star  image  jitters  with  the  brightness  as  low  as  +4. 

It  is  well  known  [6,  7]  that  under  conditions  of  uniform 
underlying  surface  the  length  of  atmospheric  column  is 
solely  the  function  of  the  zenith  angle  and  is  independent  of 
the  azimuth.  In  the  so-called  approximation  of  “flat  Earth" 
the  assumption  is  made  that  with  the  change  of  elevation 
angle  the  variance  of  an  image  jitter  scales  as  1/cosQ.  In  this 
context  we  can  replace  the  measured  value  of  the  variance  of 
a  stellar  image  jitter  along  the  direction  Qj  by  that  in  the 
other  direction  Q2  by  multiplying  the  former  value  by 
COSQ2/COSQ1.  It  should  be  noted  that  the  approximation 
(1/cosQ)  is  valid  with  stars  in  two  cases,  i.e.,  under  condi¬ 
tions  of  uniform  underlying  surface  (steppe,  sea)  and  for 
isolated  mountain  peaks  [1,2].  This  approximation  must  be 
valid  for  all  azimuthal  angles.  Alternatively,  if  the  mountain 
peak,  at  which  the  telescope  is  located,  is  not  single  but  is 
surrounded  by  other  peaks  being  even  higher  than  the  peak 
of  the  telescope  location,  then  the  characteristics  of  jitter  of 
the  image  formed  by  the  telescope  will  be  dependent  both  on 
the  elevation  and  azimuthal  angles.  As  in  the  case  of  hori¬ 
zontal  paths,  the  measurements  of  variance  of  the  jitter  per¬ 
formed  for  the  stars  observed  at  large  zenith  angles  (Q  is  of 

order  70^-75^  )  are  indicative  of  a  strong  anisotropy  (K=1.6- 
2.4).  At  the  same  time,  for  the  stars,  observed  at  small  ze¬ 
nith  angles  (Q=20^  -30^) ,  jitter  is  practically  isotropic  (K  = 
0.9-1.15).  These  data  confirm  my  earlier  assumptions. 

It  is  difficult  to  obtain  reliable  data  on  the  outer  scale  of 
turbulence  from  these  measurements  [11-13]  because  the  real 
altitude  distribution  of  the  turbulence  intensity  is  unknown. 
At  the  same  time,  indirect  information  about  the  outer  scale 
can  be  obtained  by  examining  the  dependence  of  the  variance 
of  a  jitter  of  a  star  on  the  diameter  of  a  receiving  aperture. 

In  our  measurements  aperture  dependence  of  star  jitter 
was  examined  with  the  help  of  a  sufficiently  bright  star.  The 
diameter  of  the  receiving  aperture  has  been  varied  with  the 
help  of  an  aperture  diaphragm,  successively,  diameters  of  the 
diaphragms  were  2R  =  152,  215,  313,  492,  and  600mm.  All 
observations  were  performed  sufficiently  fast  so  that  the 
stellar  zenith  angle  could  be  considered  constant  and  no 
significant  variations  of  the  meteorological  conditions  oc¬ 
curred.  However,  the  experimental  data  do  not  follow  the 
theory  [6,  7],  This  failure  can  be  justified,  for  example,  as 
follows:  the  aperture  diameter  2R  is  comparable  to  the  outer 
scale  of  the  turbulence.  From  our  experiments  it  was  re¬ 


vealed  that;  (1)  In  the  ground  atmospheric  layer  the  outer 
scale  of  turbulence  is  comparable  to  the  height  above  the 
underlying  surface.  (2)  The  value  of  this  outer  scale  appears 
to  be  dependent  on  the  atmospheric  stability.  (3)  In  the 
ground  atmospheric  layer  the  most  large-scale  inhomogenei¬ 
ties  of  the  atmospheric  turbulence  are  anisotropic.  One  of 
the  consequences  of  this  situation  is  the  difference  of  vertical 
and  horizontal  dimensions  of  the  outer  scale.  (4)  From  the 
standpoint  of  vertical  distribution  of  the  atmospheric  inho¬ 
mogeneities  one  can  conclude  that  the  atmosphere  is  a  strati¬ 
fied  mediain. 
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Abstract 

In  this  paper,  the  main  problems  of  automatic  stereo- 
radargrammetry  are  analyzed.  An  algorithm  for  reconstruction 
is  presented  including  an  alternative  formulation  for  the 
restitution  function.  We  present  a  few  experimental  results 
and  emphasize  on  some  of  the  difficulties  encountered  during 
the  matching  process.  We  show  that  these  difficulties  are  due 
to  the  correlation  function.  Some  solutions  are  proposed  and 
discussed. 

INTRODUCTION 

Many  papers  present  stereo-radargrammetry  but  only  a  few  of 
them  propose  an  automatic  implementation  [7,  4].  Most  of 
the  results  in  this  domain  are  based  on  a  manual  approach  [5], 
which  is  in  contrast  with  the  fast  evolution  of  the  automatic 
techniques  for  the  optical  sensors  [8].  This  is  mainly  due  to  the 
intrinsic  characteristics  of  the  Synthetic  Aperture  Radar  imag¬ 
ing  (SAR). 

In  this  paper,  we  discuss  the  problems  of  automatic  stereo- 
radargrammetry  and  we  propose  some  improvements.  Quanti¬ 
fied  results  are  presented  on  synthetic  images. 

The  first  part  of  the  paper  describes  the  stereoscopic  algo¬ 
rithm  used  for  the  reconstruction.  It  is  a  cross-correlation  al¬ 
gorithm  implemented  with  a  pyramidal  strategy.  A  generic  for¬ 
mulation  of  the  reconstruction  function  is  proposed,  which  inte¬ 
grates  viewing  parameters.  We  show  that  this  method  has  a  low 
sensitivity  to  the  matching  errors  in  azimuth.  Thus,  one  could 
apply  less  strict  epipolar  constraints. 

The  second  part  of  the  paper  presents  reconstruction  results 
from  which  we  formulate  the  intrinsic  problem  of  radargram- 
metry.  This  can  be  divided  into  three  parts:  (1)  the  speckle 
noise,  (2)  the  influence  of  the  surface  effects  correction  factor 
(3)  the  foreshortening  effect.  The  two  first  problems  are  radio- 
metric  problems,  the  last  one  is  geometric.  We  discuss  methods 
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that  quantify  and  solve  these  effects. 

ALGORITHM  DEFINITION 

Stereoscopic  algorithms  proceed  in  three  separate  stages :  (1) 
sensor  calibration,  (2)  matching  and  (3)  reconstruction.  Be¬ 
cause  we  aim  to  use  calibrated  (synthetic)  images,  we  will  ex¬ 
amine  points  (2)  and  (3)  only. 

The  goal  of  matching  is  to  pair  image  primitives.  For  SAR 
images,  correlation-based  methods  are  usually  run  in  order  to 
obtain  a  dense  disparity  map.  Cross-correlation  [3]  reduces  the 
errors  induced  by  the  low  level  signal-to-noise  ratio.  Selecting 
the  match  as  the  maximum  of  the  correlation  peak  imposes  a 
uniqueness  constraint.  Regions  which  violate  the  uniqueness 
constraint  are  foreshortening  areas.  We  show  below  that  these 
areas  may  be  treated  in  a  special  manner,  so  that  uniqueness 
constraint  can  be  applied. 

The  advantages  of  a  hierarchic  strategy  are  ( 1 )  to  increase  the 
robustness  because  of  the  signal  to  noise  ratio  enhancement  (di¬ 
vided  by  a  factor  y/N,  if  N  is  the  number  of  averaged  samples) 
and  (2)  to  decrease  the  computational  time. 

The  coarse  disparity  map  obtained  after  the  matching  pro¬ 
cess,  requires  a  processing  stage  before  the  reconstruction. 
This  is  essential  to  eliminate  false  matches  and  to  interpolate 
the  missing  information.  It  can  be  done  by  means  of  a  filtering, 
a  smoothing  and  an  interpolation  of  the  disparity  map.  Those 
treatments  and  a  pyramidal  strategy  impose  a  continuity  con¬ 
straint.  This  constraint  may  be  violated  on  SAR  imagery  be¬ 
cause  of  the  existence  of  so-called  layovers.  Only  a  local  and 
complex  treatment  can  cope  with  such  a  problem. 

Geometric  constraints  used  in  automatic  stereo- 
radargrammetry  are  poorly  known.  Thus  the  epipolar 
constraint  can  only  be  imposed  on  delimited  image  regions 
for  which  deformations  due  to  the  satellite  path  orientation  are 
small  enough.  For  zero  Doppler  frequency  and  quasi-parallel 
tracks,  images  can  be  registrated  along  azimuth  and  the 
matching  process  may  be  performed  as  a  1-D  search. 

Finally,  the  reconstruction  stage,  computes  3-D  information 
from  paired  pixels.  Usually,  a  simplified  scheme  is  used  for 
this  purpose  [10],  giving  the  altitude  of  the  reconstructed  point 
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above  the  reference  ellipsoid.  A  least  square  formulation  de¬ 
duced  from  the  Doppler  cones  and  distance  equations  is  prefer¬ 
able.  Using  index  1  and  2  to  reference  the  stereo  pair  images, 
the  cost  function  F  can  be  written  as, 

with  foi  and  f^,  i  ~  1,2,  the  estimated  Doppler  frequencies 
and  the  distances  estimated  in  terms  of  M,  (the  searched  3-D 
point).  The  reference  distance  ri  (respectively  r2)  is  known  for 
calibrated  images.  The  Doppler  frequency  f^i  (respectively 
/d2)  is  a  constant  defined  by  the  SAR  image  processing.  Fig¬ 
ure  1  shows  that  two  solutions  exist  for  SAR  reconstruction.  In 
this  figure,  all  the  positions  are  defined  in  a  geocentric  refer¬ 
ence  frame  (G,  i,  j,  k)  and  satellite  positions  corresponding  to 
a  match  are  noted  as  Si  and  S2. 


Figure  1 :  Doppler  cones  and  reconstruction 

To  select  the  proper  (realistic)  solution  among  the  two  possi¬ 
ble  ones,  one  can  add  a  penalty  term  P.  This  term  can  be  chosen 
equal  to  the  altitude  of  M  above  the  ellipsoid.  P  can  only  be 
used  to  initialize  the  process.  The  first  solution  is  then  propa¬ 
gated  to  the  rest  of  the  reconstruction. 

An  alternative  formulation  of  the  cost  function  F  consist  in 
searching  the  M  that  projected  in  the  stereo  pair  minimizes  the 
distance  to  the  matched  pixels.  However,  it  is  more  time  con¬ 
suming  because  it  needs  the  inverse  projection  of  M. 

To  ensure  a  fast  convergence,  minimization  of  F  can  be  per¬ 
formed  using  a  conjugate  gradient  algorithm.  Moreover,  for 
easy  implementation,  derivatives  of  F  can  be  calculated  ana¬ 
lytically. 

The  reconstruction  tests  show  a  low  sensitivity  to  azimuth 
matching  errors  because  the  solution  is  adjusted  along  the  mean 
azimuthal  direction.  This  property  avoids  exact  image  registra¬ 
tion  along  the  azimuthal  axis. 


RESULTS  AND  DISCUSSION 

Synthetic  images  used  to  test  the  algorithm  have  been  gener¬ 
ated  by  SAMI  (Simulateur  Applique  a  la  Modelisation  Inter- 
ferometrique),  an  Insar  Simulator  [1].  The  chosen  example  is 
on  a  hilly  test-site,  Aix-Marseille  (FRANCE).  The  Digital  Ele¬ 
vation  Model  (DEM)  used  for  the  simulation  is  part  of  a  DEM 
kit  freely  available  through  the  CEOS  WGCV  Terrain  Mapping 
sub  group.  It  has  been  provided  by  IGN  and  obtained  by  stereo¬ 
plotting  from  aerial  photographs  at  a  scale  of  1:30000  and  has 
a  10  m  grid  size.  Its  accuracy  has  been  evaluated  to  be  around 
1  m.  The  ERS-1  slant  range  image  is  5  looks  (1  in  slant  range 
X  5  in  azimuth)  and  has  a  dimension  of  1500  x  1200.  It  has 
been  processed  from  a  SLC  product.  The  backscatter  coeffi¬ 
cient  used  for  each  pixel  of  the  DEM  has  been  generated  from 
a  normalized  orthoimage  of  the  scene.  During  the  processing 
we  take  the  surface  effects  [9,  2]  into  account. 

Using  a  polynomial  modelisation  for  the  orbits  and  the  ap¬ 
propriate  cartographic  projection  allow  us  to  compare  the  re¬ 
constructed  DEM  with  the  reference  DEM. 

Figure  2  shows  a  couple  of  synthetic  SAR  images  with  view¬ 
ing  geometry  of  20  and  23  degrees  (the  baseline  between  the 
two  orbits  is  40  Km),  and  the  reconstructed  DEM.  Noisy  ver¬ 
sions  of  these  images  have  been  generated  using  a  multiplica¬ 
tive  noise  model  following  a  gamma  law. 


Figure  2:  Stereo  pair  and  reconstructed  DEM 

Table  1  shows  the  cartographic  errors  obtained  with  both 
noiseless  and  noisy  images.  In  the  case  of  noiseless  images, 
statistical  results  validate  the  algorithm  because  the  rms  (root 
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mean  square)  is  of  the  order  of  the  resolution  (i.e.  10  m).  Er¬ 

rors  for  the  y  axis  are  small  because  of  the  perfect  registration 
of  the  orbits.  This  axis  is  also  mainly  parallel  to  the  azimuth 
axis.  We  note  that  extremal  errors  are  due  to  shadow  areas. 


noise 

mean 

(m) 

min 

(m) 

max 

(m) 

rms 

(m) 

X 

noiseless 

noisy 

12.17 

10.91 

-19.08 

-55.52 

36.92 

61.66 

3.42 

10.62 

y 

noiseless 

noisy 

2.12 

1.90 

-3.73 

-10.53 

7.35 

11.69 

0.88 

1.97 

h 

noiseless 

noisy 

-0.56 

-5.98 

-103.83 

-208.73 

134.53 

285.47 

14.45 

45.59 

Table  1 :  Errors  along  the  DEM  axes 


Speckle 

Statistical  results  on  noisy  images  shows  that  the  rms  is,  on  av¬ 
erage,  three  times  higher  than  for  noiseless  images.  Image  fil¬ 
tering  can  be  a  solution  but  it  is  costly  and  not  very  effective. 
Moreover  image  filtering  remove  information  and  deteriorates 
the  matching  process.  An  alternate  solution  would  be  to  use  a 
correlation  function  which  takes  into  account  the  speckle  noise 
statistics,  instead  of  assuming  the  noise  to  be  Gaussian  (as  in 
a  classical  correlation  function  {ly  —  h)^)-  We  are  presently 
studying  this  kind  of  alternative  correlation  function. 

Surface  correction 

Synthetic  aperture  assumes  the  ground  to  be  flat.  This  assump¬ 
tion  introduces  uncertainty  in  the  radiometry  estimation  and  the 
matching  process  becomes  problematic.  A  study  of  the  char¬ 
acteristics  of  the  ground  (slope  and  roughness)  can  lead  to  a 
qualitative  estimation  of  the  validity  of  the  classical  correlation 
function.  In  the  following  cases,  the  classical  correlation  func¬ 
tion  should  not  be  applied :  (1)  for  smooth  surfaces  when  the 
incidence  angle  (angle  between  the  surface  normal  and  the  in¬ 
cident  beam  direction)  falls  to  zero,  or  (2)  for  rough  surfaces 
with  varying  slopes.  The  first  case  can  be  considered  rather 
rare.  The  second  case  happens  more  often.  Shape  from  shading 
algorithms  (known  as  radarclinometry)  are  advisable  to  obtain 
the  3-D  information  in  such  areas. 

Foreshortening 

Because  of  the  difference  of  viewing  angles,  the  reconstruction 
of  foreshortening  areas  can  produce  errors.  These  kind  of  er¬ 
rors  can  be  visualized  on  an  orthoimage  with  the  reconstruc¬ 
tion  error  superimposed.  For  the  studied  examples,  we  can  see 
that  these  errors  are  not  spatially  correlated  to  the  foreshorten¬ 
ing.  This  can  be  explained  by  using  a  model  based  on  a  simpli¬ 
fied  viewing  geometry  [6] .  Such  models  show  that  these  effects 


arise  only  in  regions  which  include  long  steep  slopes  along  the 
range  axis. 

CONCLUSION 

In  this  paper,  the  problem  of  radargrammetry  is  analyzed.  An 
automatic  algorithm  is  presented.  An  alternate  approach  for 
the  reconstruction  is  proposed,  deduced  from  the  SAR  geom¬ 
etry.  The  results  show  that  speckle  noise  is  the  main  source  of 
errors  for  the  reconstruction.  The  roughness  of  the  ground  is 
the  second  source  of  errors.  Foreshortening  influence  can  be 
considered  less  important.  More  precisely,  the  Gaussian  noise 
correlation  function  is  not  adapted  to  the  SAR  imaging.  Thus, 
we  propose  to  apply  a  correlation  function  which  includes  a 
speckle  noise  model  and  to  apply  locally  a  shape  from  shading 
algorithm. 
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ABSTRACT 

The  increased  sensibility  of  Public  Opinion  and 
Governments  for  Environment  and  its  health  status  together 
with  the  research  of  new  applications  for  Remote  Sensing 
small  satellites  technologies  lead  to  identify  future  space 
missions. 

It  was  recognized  that  during  the  Worldwide  navigation, 
vessels  and  ships  loss  a  significant  number  of  eontainers  and 
pallets  due  to  different  reasons,  but  mainly  for  bad  weather 
conditions.  Those  can  transport  dangerous  or  valuable 
goods.  Therefore  it  comes  out  the  need  of  a  system  capable  to 
detect  and  localize  the  position  of  the  lost  objects  so 
permitting  their  recovery.  More  in  general  Search  and 
Rescue  systems  like  COSPAS-SARSAT  present  same 
problems  related  to  interference  and  poor  localization 
accuracy. 

A  simple  architecture  based  on:  a  micro  satellite  weighting 
less  than  100  Kg,  embarching  a  small  SAR  (Synthetic 
Aperture  Radar)  sensor;  a  transponder  installed  in  the 
container  and  one  or  more  ground  stations,  can  comply  the 
mission  at  inexpensive  cost.  Whether  the  container  drops  in 
the  water  a  floating  housing  is  unhooked  and  the  internal 
transponder  is  switched-on.  Initially  it  works  in  a  low  power 
eonsumption  status  and  then,  when  activated  by  the  small 
satellite  beacon,  starts  the  foil  operations  .  The  azimuth 
localization  is  performed  by  a  syndetic  aperture  or  Doppler 
analysis  processing.  In  the  range  direction  short  pulse  is 
used.  The  radar  transmitted  frequency  is  shifted  inside  the 
transponder,  maintaining  the  coherence.  This  avoid  any 
problem  of  time  ambiguities  in  the  radar  because  the  receiver 
chain  operates  at  a  different  fi'equency  from  the  transmitter. 
The  micro  satellite  should  be  equipped  with  GPS  tystem  for 
determining  its  position  along  the  orbit.  The  received  signals 
are  preprocessed  on  board  and  then  transmitted  to  the 
Satellite  Control  Station.  A  requirement  of  four/five  days  can 
be  met  by  a  single  satellite  while  up  to  four's  are  needed  for 
one  day  revisit  time. 

This  paper  deals  with  the  description  of  such  innovative 
system,  its  dimensioning  and  possible  implementation 
solutions  for  the  micro  satellite  radar  and  the  electronics 
contained  into  the  transponder. 

The  system  can  be  used  for  other  applications  which  require 
tracking  or  accinate  phase  measurements.  For  instance  a 


transponder  and  differential  Interferometry  permit  to  detect 
mm's  movements  of  man  made  objects  like  monuments  or 
dikes;  the  direction  of  a  oil  slick  could  be  tracked  by  a  buoy  ( 
displaced  by  an  aircraft ). 

Keywords:  new  sensors,  SAR,  S&R,  small  satellites . 

1.  INTRODUCTION 

The  capability  to  detect  and  localize  objects  on  the  Ocean 
surface  can  be  easily  achieved  by  space  based  systems. 

A  study  case  is  derived  from  an  analysis  /!/  conducted  about 
the  naval  traffic  and  its  problematic.  It  showed  that  during 
navigation  a  significant  number  of  containers  is  lost  both  in 
the  World  oceans  and  in  the  European  seas.  The  containers 
can  transport  dangerous  or  valuable  goods  which  need  to  be 
recovered.  Therefore  a  system  able  to  detect  and  locate  the 
lost  containers  could  be  useful  and  a  routine  timely  service 
for  Navigation  Companies  could  be  provided  at  a  low  cost. 
The  existing  systems  are  generally  based  on  the  combination 
of  a  localization  equipment  like  GPS  plus  a 
telecommunication  equipment  to  send  the  information  to  the 
remote  station  or  on  Doppler  measurement  (COSPAS- 
SARSAT)  of  a  beacon  transmitted  by  the  lost  object. 

In  the  following  section  a  new  design  is  presented  based  on 
radar  techniques. 

The  system  project  is  called  "SCAMSAT  &  Balize  Morte" 
and  the  architecture  has  been  elaborated  by  Alenia  Spazio 
for  and  together  with  the  following  Organizations: 
Consorzio  Spazio  &  Ambiente  (Roma),  CRITT  (France), 
Consorzio  lESI  (La  Spezia). 

2.  REQUIREMENT 

The  requirement  of  a  system  to  detect  and  locate  lost  objects 
on  the  ocean  are  identiffed  in  the  table  1. 

The  main  constraint  in  the  realization  of  this  system  is 
surely  the  cost.  Infact  the  possibility  to  sale  the  service  to  the 
users  ,  generally  Assurance  and  Navigation  Companies, 
depends  on  the  low  cost  of  the  proposed  solution.  Especially 
the  equipment  to  be  installed  on  the  containers  must  be 
simple,  reliable,  accomodable  and  costs  a  fraction  of  the 
container  ,  that  is  less  than  100  $. 

3.  SYSTEM  DESCRIPTION 

A  preliminary  design  has  been  carried  out  to  understand  the 
architecture  and  the  feasibility  of  the  system. 
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The  system  is  composed  of  three  elements  (see  figure  L): 

•  One  or  more  micro  satellites  in  polar  orbit;  increasing 
the  number  of  satellites  is  reduced  the  delay  between 
the  lost  and  the  detection. 

•  A  few  groimd  stations  able  to  link  automatically  with 
the  micro  satellites  and  the  users  in  case  of  a  container 
drops  into  the  water. 

•  The  electronics  to  link  the  micro  satellite  and  installed 
in  a  suitable  box  attached  to  the  containers.  It  signals 
the  position  of  the  container  and  provides  its  code 
number. 

In  case  the  container  drops  into  the  ocean  during  the 
navigation,  the  box  with  the  electronic  is  unhooked  and 
floats  on  the  water  surface  .  A  humidity  sensor  activates 
partially  the  transponder  in  stand-by  mode  to  save  power 
consumption.  When  the  satellite  passes  over  the  box  than  the 
reception  of  a  beacon  signal  Mly  activate  the  electronic 
which  receives  and  retransmits  the  radar  signal. 

Many  different  options  are  under  studying  for  the  radar 
architecture  in  order  to  get  the  localization  requirement  and 
to  simplify  the  overall  system,  only  one  solution  is  presented 
here  as  example. 

The  earth  coverage  requirement  of  five  days  is  satisfied  by 
flying  the  satellite  in  a  500  Km  altitude  polar  orbit  with  a 
swath  in  the  order  of  550  Km  .  The  access  region  of  the 
radar  shall  vary  within  the  incident  angle  of  20°  and  58°. 

Space  Segment 

The  space  segment  is  realized  by  a  micro  satellite  with  a 
weight  lower  than  100  Kg ,  it  is  composed  of: 

-  standard  platform 

-  payload  including: 

-radar 

-  communication  receiver  for  code  identification 

-  star  sensor 

-  GPS  receiver 

The  presence  of  the  star  sensor  is  dictated  from  the  need  to 
know  very  accurately  the  pointing  position  of  the  radar 
antenna.  The  GPS  receiver  is  used  for  navigation  and  to 
know  precisely  the  satellite  position  along  the  oibit. 

The  in-flight  radar  is  a  monostatic,  coherent  instrument  in  X 
band  which  derives  the  distance  measurement  by 
transmitting  a  short  or  a  chirp  pulse  and  the  azimuth 
measmement  by  the  synthesis  of  the  antenna  pattern  or  by 
the  frequency  Doppler  computation.  The  presence  of  the 
transponder  in  the  box  permits  the  transmission  of  a  low 
power  level  pulse,  in  the  order  of  30  watts.  The  range 
resolution  is  achieved  by  a  2  microsecond  long  CW  pulse. 
The  azimuth  resolution  can  be  obtained  by  synthesizing  the 
range  pulse  phases.  An  integration  time  of  only  20  ms  is 
needed  for  the  250  m  resolution.  In  order  to  reduce  the  radar 
complexity  non  ambiguous  PRF  is  selected  that  is  about  200 
Hz.  This  PRF  value  is  too  low  to  sample  the  azimuth 
synthetic  antenna .  Fortunately  the  azimuth  ambiguities  shall 
fall  down  the  receiver  noise  because  of  the  low  transmitted 


power.  Furthermore  despite  the  subsampling,  generally  a 
submultiple  of  needed  PRF,  the  real  from  the  gost  targets 
can  be  discriminated  by  SAV  processing.  A  second 
technique,  now  used  as  baseline,  consists  of  alternating  the 
burst  of  short  range  pulses  with  10  ms  long  pulses  for 
frequency  Doppler  computing.  The  complete  coherence  of 
the  system  permits  the  achievement  of  very  good  accuracy 
with  simple  FFT  processing. 

The  radar  transmits  and  receives  the  signals  by  an  two 
beams  electronically  steered  antenna  or  two  anteimas  in 
both  the  cases  100  MHz  bandwidth  is  requested  because  the 
firequency  translation  operated  in  the  transponder.  The 
telecommimication  chaimel  still  uses  the  X  band  and  is 
received  by  the  same  radar  antenna.  The  anteima  shall  have 
a  gain  better  than  25  dB.  The  telecommunication  chaimel  is 
devoted  to  the  container  code  reception  and  to  associate  the 
position  and  the  kind  of  transported  goods.  In  the  present 
design  the  FSK  modulation  has  been  selected. 

Ground  segment 

The  ground  segment  shall  include  one  Mission  Control 
Groimd  Station  and  a  certain  number  of  simple  secondary 
receiving  station  which  should  use  commercial  H/W.  The 
satellite  is  programmed  to  trar  smit  data  to  groimd  in  VHF  or 
S  band  in  correspondence  to  the  receiving  secondary  station 

Container  electronic 

The  principle  block  diagram  of  the  electronic  in  the  box  is 
given  in  figure  2.  The  transponder  translates  the  received 
signal  in  X  band  of  96  MHz.  The  beating  flrequency  is 
extracted  by  a  second  signal  in  S  band  which  is  divided  by 
10.  Later  the  up-converted  signal  is  amplified  and 
transmitted  back  by  a  second  anteima. 

This  approach  avoids  the  drawbacks  of  a  monostatic 
configuration  that  is  a  costly  circulator  or  the  loss  of  signal 
level  coming  from  the  implementation  of  a  hybrid  device. 

The  complete  anteima  is  composed  of  three  patches  as  in 
figure  3.  Each  X  band  patch  is  matched  to  its  operative 
frequency  (different  Tx  and  Rx)  so  increasing  the  isolation 
between  transmitting  and  receiving  chains.  A  third  S  band 
patch  is  accommodated  for  the  reception  of  the  local 
oscillator  signal.  The  patch  antenna  was  selected  because  of 
low  cost,  wide  coverage  angle,  reasonable  gain. 

4.  OTHER  APPLICATIONS 

Other  applications  could  be  envisaged  like  differential  phase 
measurement  to  measure  displacement  of  object  like 
monuments  and  dikes  .  This  technic  has  been  already 
investigated  by  using  ERS-1/2  SAR  but  here  is  proposed  to 
realize  a  real  service  with  high  revisit  time  and  fast  delivery 
of  data. 

A  second  example  could  be  the  tracking  by  floating  buoys 
of  oil  slicks  or  currents  at  very  low  cost. 


29 


Moreover  a  solid  state  memory  buffer  can  be  added  to  the 
satellite  permitting  the  exchange  of  messages  between  ship 
and  vessels  and  remote  stations. 

5.  CONCLUSIONS 

The  preliminary  definition  of  a  system  architecture  capable 
to  detect  and  locate  lost  objects  on  the  ocean  water  has  been 
performed.  The  following  activity  shall  consist  of  reviewing 
the  design,  dimensioning  of  electronics  and  definition  of 
budget  and  interfaces.  In  parallel  shall  continue  the  market 
exploration  and  the  cost  evaluation  for  the  system 
implementation  and  service. 
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ABSTRACT 

We  carry  out  tests  with  two  readily  available  automated 
matching  algorithms  in  their  application  to  (a)  Magel¬ 
lan  SAR  stereo  images,  and  (b)  ERS-1  and  X-SAR  real- 
simulated  images.  The  match  points  are  examined  visu¬ 
ally,  and  an  accuracy  analysis  on  Magellan  data  is  per¬ 
formed  by  comparison  with  manual  measurements. 

1.  INTRODUCTION 

Existing  literature  on  SAR  image  matching  can  basically 
be  divided  into  two  groups:  (a)  matching  of  stereo  image 
pairs  for  the  computation  of  a  Digital  Elevation  Model 
(DEM),  and  (b)  matching  of  real  with  simulated  imagery 
for  the  purpose  of  geo  coding  and  the  refinement  of  sen¬ 
sor  parameters.  Early  automated  stereo  matching  exper¬ 
iments  on  SIR-B  data  are  reported  in  [10].  Reference  [8] 
carried  out  investigations  on  Magellan  and  aircraft  stereo 
images,  and  compared  the  results  to  those  obtained  from 
optical  data.  Magellan  data  are  also  included  in  the  test 
data  set  we  employ  in  this  study,  however  the  matching 
algorithms  applied  are  different.  Seasat  data  are  the  sub¬ 
ject  of  real-simulated  image  matching  investigations  car¬ 
ried  out  in  [2],  [7],  and  [6].  In  the  last  work,  the  authors 
show  that  the  choice  of  the  backscatter  model  used  in  the 
simulation  has  a  significant  influence  on  the  accuracy  of 
the  matching  results.  The  issue  of  accuracy  analysis  is 
particularly  addressed  in  [31,  a  study  on  real-simulated 
ERS-1  data. 

Two  available  matching  algorithms  are  applied  to  Mag¬ 
ellan  stereo  data,  as  well  as  to  real-simulated  ERS-1  and 
X-SAR  data.  The  match  points  found  are  superimposed 
on  the  images  for  visual  inspection,  and  an  accuracy  anal¬ 
ysis  on  Magellan  images  shows  that  an  rms  error  of  less 
than  2  pixels  can  be  achieved. 

2.  TEST  DATA 

The  data  set  used  for  stereo  analysis  consists  of  SAR  im¬ 
ages  of  planet  Venus  from  NASA’s  Magellan  Mission.  The 
pixel  size  is  75  m  x  75  m,  resampled  from  an  original 
ground  resolution  of  the  radar  of  approximately  130  m  x 
120  m.  It  should  be  noted  that  the  Magellan  images  we 
investigate  are  already  geocoded  to  a  low-resolution  (over 
26  km/pixel)  DEM  available  from  the  earlier  Pioneer  Mis¬ 
sion.  Therefore,  stereo  analysis  means  the  detection  of 


remaining  distortions  between  the  two  images,  which  can 
then  be  used  to  compute  higher  frequency  topographic 
information  not  includud  in  the  coarser  Pioneer  DEM. 

The  test  site  for  our  investigations  on  real-simulated 
ERS-1  and  X-SAR  imagery  is  the  Oetztal,  a  rugged  ter¬ 
rain  in  the  Austrian  Alps,  partially  covered  with  snow 
and  glaciers.  The  simulation  program  used  to  generate 
the  synthetic  images  is  part  of  the  RSG  software  package 
[5].  It  assumes  a  cosine  reflectance  model,  and  no  ground 
truth  data  is  incorporated  into  the  simulation.  The  12.5 
m  X  12.5  m  pixel  size  of  the  ERS-1  and  X-SAR  images  was 
obtained  by  resampling  from  the  original  radar  resolution 
of  25  m  X  25  m.  No  previous  speckle  filtering  was  applied 
to  the  images. 

3.  MATCHING  ALGORITHMS 

We  carry  out  tests  with  two  different  matching  algorithms, 
a  hierarchical  correlation-based  algorithm  (ALGl)  spe¬ 
cially  suited  to  SAR  imagery  corrupted  by  speckle  noise, 
and  a  so-called  Hierarchical  Feature  Vector  Matcher 
(ALG2),  which  uses  local  image  statistics  to  describe  cor¬ 
respondence. 

The  mathematical  background  of  ALGl  is  described  in 
[1],  and  its  application  to  DEM  generation  from  Magellan 
stereo  data  is  reported  in  [4].  Therefore,  the  basic  con¬ 
cepts  of  the  algorithm  are  only  briefly  outlined.  Matching 
is  performed  in  a  hierarchical  manner,  with  successively 
smaller  window  sizes.  At  each  level,  a  two-dimensional 
normalized  cross- correlation  is  carried  out,  and  the  shape 
of  the  correlation  surface  along  with  a  local  scene  noise 
estimate  is  then  used  to  compute  a  confidence  measure. 
This  confidence  measure  is  a  two-dimensional  covariance 
matrix  for  the  match  which  can  be  used  for  weighting 
information  differently  in  the  two  directions  and  propa¬ 
gating  matching  error  forward  in  stereo  solutions.  The 
confidence  matrix  serves  to  filter  out  bad  matches,  and  to 
suppress  speckle  noise.  In  our  tests,  the  algorithm  was  run 
with  the  suggested  default  values,  no  attempt  was  made  to 
optimize  the  parameters,  which  can  greatly  effect  matcher 
performance. 

ALG2  has  originally  been  developed  for  stereo  match¬ 
ing  to  compute  dense  disparity  maps  from  optical  stereo 
images  of  natural  terrain.  A  detailed  description  of  the 
algorithm  can  be  found  in  [9].  Its  principles  can  be  de¬ 
scribed  as  follows:  First,  for  each  pixel  of  both  images  a 
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feature  vector  is  derived  from  local  properties,  e.g.  convo¬ 
lutions,  in  the  surrounding  of  each  pixel.  For  each  pixel  in 
the  reference  image,  its  feature  vector  is  compared  to  the 
feature  vectors  in  the  expected  search  area  in  the  other 
image.  Using  Euclidian  distance,  the  minimum  distance 
vector  defines  the  corresponding  pixel.  Median  filtering 
is  applied  to  smooth  the  resulting  disparity  images,  and 
undefined  disparities  are  interpolated.  These  steps  are 
carried  out  for  several  resolution  levels,  using  the  low  res¬ 
olution  results  as  prediction.  In  principle,  on  each  pixel 
of  the  two  matched  images  a  disparity  vector  is  gained. 
As  confidence  measure,  a  so-called  backprojection  error  is 
computed,  which  is  the  inconsistency  after  left-right  and 
Tight-left  matching.  Since  the  algorithm  was  originally 
designed  for  optical  imagery,  parameter  tuning  had  to  be 
carried  out  in  order  to  adapt  it  to  SAR  imagery. 

4.  ANALYSIS  AND  RESULTS 

Match  points  can  be  visually  inspected  in  Figs.l  and  2.  In 
the  reference  (left)  image,  a  regular  set  of  grid  points  was 
chosen,  and  the  algorithm  searches  for  the  correspond¬ 
ing  match  points  in  the  right  image.  Missing  grid  points 
mean  that  based  on  the  internally  computed  confidence 
value  the  corresponding  match  was  classified  as  bad,  and 
therefore  discarded.  Fig.3  shows  the  gray-level  encoded 
range  disparity  image  corresponding  to  Fig.l. 

A  lack  of  texture  was  found  to  be  the  main  reason  for 
inaccurate  or  missing  match  points.  Steep  slopes  in  the 
terrain,  which  lead  to  extreme  foreshortening  or  even  lay¬ 
over  situations,  pose  special  problems  in  stereo  matching, 
due  to  the  different  geometric  appearance  associated  with 
the  different  viewing  angles.  On  the  other  hand,  foreshort¬ 
ening  and  layover  areas  can  provide  particularly  useful 
features  for  real-simulated  matching,  since  they  provide 
highly  textured  regions  with  good  contrast. 

A  quantitative  analysis  of  the  matching  accuracy  was 
carried  out  for  the  Magellan  data  by  comparing  the  auto¬ 
matically  determined  match  points  with  manual  matches 
acquired  by  an  experienced  human  stereo  operator.  The 
manual  measurements  we  use  as  reference  exhibit  an  un¬ 
certainty  of  -h/-  0.6  pixels.  This  was  determined  by  re¬ 
peat  measurements,  as  described  in  [8].  Table  1  shows  the 
differences  between  manual  and  automated  match  points 
in  range  (r)  and  azimuth  (a)  direction,  expressed  as  mean 
value  and  standard  deviation  a.  The  percentage  of  matches 
which  exhibit  an  error  A  in  the  disparity  measurement  of 
less  than  two  pixels  is  also  given. 


Table  1  Analysis  of  Magellan  stereo  match  points 


Algorithm 
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r 

(J  T 

a 

CTa 

A  <  2 

of 

matches 

pixel 

pixel 

pixel 

pixel 

% 

ALGl 

272 

0.4'“ 

2.2 

0.4  ' 

0.6 

57 

ALG2 

302 

0.2 

1.2 

0.1 

1.3 

76 

When  examining  the  real-simulated  match  points  visu¬ 
ally,  no  clearly  discernible  mismatches  were  found.  Since 
for  this  data  set  no  manually  acquired  reference  matches 
of  sufficient  accuracy  were  available,  a  first  comparison 
between  the  two  matching  algorithms  was  carried  out  by 
analyzing  the  differences  between  the  matches  produced 
by  ALGl  and  ALG2.  Mean  value  and  standard  devia¬ 
tion  a  of  the  differences  in  range  and  azimuth  direction 
are  listed  in  Table  2.  When  applying  ALG2  to  X-SAR 


data,  71  %  of  the  match  points  were  classified  as  bad,  as 
opposed  to  26  %  rejected  by  ALGl.  In  a  practical  ap¬ 
plication,  such  a  high  percentage  of  outliers  may  cause 
problems,  since  valid  match  points  are  too  sparse.  The 
determination  of  the  absolute  accuracy  of  the  two  algo¬ 
rithms  with  respect  to  suitable  refence  values  remains  the 
subject  of  further  investigations. 

Table  2  Analysis  of  ERS-1  and  X-SAR  real- simulated  match 
points 


Data 

r 

Or 

a 

CTa 

pixel 

pixel 

pixel 

pixel 

ERS-1 

■■“0:3“ 

3.0 

1.5 

2.0 

X-SAR 

0.7 

2,2 

2.2 

3.5 

5.  SUMMARY  AND  OUTLOOK 

Tests  on  Magellan  stereo  pairs  have  shown  that  up  to  76  % 
of  the  automatically  acquired  match  points  differed  from 
the  corresponding  manual  reference  matches  by  less  than 
two  pixels.  The  immediate  next  step  will  be  to  employ 
the  real-simulated  match  points  for  a  refinement  of  the 
corresponding  sensor  flight  path.  Then,  match  points  be¬ 
tween  stereo  image  pairs  will  be  used  together  with  the 
improved  sensor  parameters  to  compute  a  DEM  of  the 
Oetztal  test  site.  Our  investigations  aim  at  studying  the 
potential  accuracy  and  limitations  of  a  completely  auto¬ 
mated  approach  of  DEM  generation  from  SAR  stereo  im¬ 
ages  in  a  practical  application. 
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Figure  2:  Simulated  (left)  and  corresponding  real  (right)  ERS-1  detail  of  the  Oetztal,  Austria,  with  automated  match  points 
from  ALG2  overlaid.  The  scene  was  acquired  from  ascending  orbit  with  a  nominal  sensor  look  angle  of  23  deg.  Image  size  is 
512  X  387  pixels. 
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Abstract  -  A  method  for  detecting  man-made  features  in 
synthetic  aperture  radar  (SAR)  imagery  is  described.  The 
method  is  based  on  matching  the  local  histogram  against  a 
family  of  Weibull  densities.  The  Weibull  density  is  defined 
by  two  parameters,  the  median  and  the  skewness  (Weibull 
parameter).  Regions  containing  man-made  objects  have 
Weibull  parameter  values  that  are  smaller  than  those 
containing  natural  features.  In  experiments  performed  with 
aircraft  SAR  imagery,  man-made  features  are  effectively 
discriminated  from  natural  features  using  this  method. 

INTRODUCTION 

Object  detection  techniques  generally  rely  on  edges  or 
specific  textures  to  indicate  the  presence  of  man-made 
objects  in  optical  imagery.  Instead  of  attempting  to  detect 
man-made  objects  directly,  fractal  techniques  [1,2]  model 
and  remove  the  natural  background.  Certain  sensors 
provides  other  opportunities  to  detect  man-made  features. 
For  example,  in  multispectral  imagery  surface  materials 
associated  with  man-made  features  can  often  be  identified 
by  their  spectral  signature.  SAR  texture  modeling  and 
discrimination  approaches  based  on  a  variety  of  methods 
have  been  developed  and  evaluated  [3]. 

In  SAR  clutter  statistics  provide  an  indication  of  type  of 
surface  material  present  [4].  Areas  containing  natural 
features  (e.g.,  sparse  vegetation,  forested  areas,  and  water) 
can  often  be  modeled  by  the  Rayleigh  density.  On  the  other 
hand  in  areas  containing  man-made  features  the  clutter 
density  has  heavy  tails  and  is  better  modeled  by  the  log¬ 
normal  density.  Our  method  exploits  the  probability 
density  of  the  clutter  in  SAR  to  detect  man-made  features. 
In  particular  we  model  the  clutter  by  a  family  of  densities 
and  pick  the  density  that  best  describes  the  clutter  on  a 
local  basis. 

METHOD 

The  image  X  =  {x(iJ)}  is  divided  into  non-overlapping 
regions.  Let  p^  j  (x)  denote  the  local  histogram  computed 
over  the  rxr  pixel  region  R(iJ)  centered  at  pixel  (ij). 
We  use  the  local  histogram  normalized  to  unit  area  as  an 
estimate  of  the  density  in  R(i,j).  Within  each  region,  a 
family  of  Weibull  densities  for  a  range  of  parameter  values 
are  generated.  The  Weibull  density  [5]  is  given  by 


where  a  is  the  Weibull  parameter  which  relates  to  the 
skewness  of  the  distribution  and  x^^  is  the  median  value. 
The  power  of  the  Weibull  is  that  it  becomes  different 
densities  by  changing  the  Weibull  parameter.  For  a  =  2  it 
becomes  the  Rayleigh  density,  for  a  =  1  it  becomes  the 
exponential  density.  Between  the  two  the  Weibull  can 
approximate  a  log-normal  density.  Thus  a  single 
parameterized  model  can  be  used  to  model  the  clutter  in 
regions  containing  natural  features  as  well  as  in  regions 
containing  man-made  features. 

Figure  1  plots  a  family  of  Weibull  densities  for  x„,=128 
and  l<a<4.  We  use  the  median  value  of  the  local 
histogram  computed  over  RiiJ)  as  an  estimate  of  In 
effect  we  are  adjusting  the  model  locally  based  on  the 
brightness  values  within  the  window.  This  should  also 
compensate  for  variations  in  brightness  caused  by  changes 
in  slope  in  the  direction  of  the  illumination. 
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Figure  1  Family  of  Weibull  densities 


The  model  densities  p^(x)  are  then  compared  to  the 
normalized  local  histogram.  Let  P„(x)  and  Pi  j(x)  denote 

the  cumulative  distributions  of  the  model  densities  and 
normalized  local  histogram.  We  use  the  maximum 
difference  between  cumulative  distributions  to  find  the 
model  density  that  is  most  similar  to  the  local  histogram 
[5].  The  maximum  differences  are 

D(i,la)  =  niax|p,,.(A:)  -  P„(x)|  (2) 
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The  Weibull  parameter  with  the  smallest  maximum 
difference 


a  =  argmin  (3) 

a' 

is  output  in  the  form  of  a  parameter  image  The 

parameter  image  indicates  which  of  the  model  densities 
best  matches  the  image  in  each  region.  We  also  output  the 
smallest  maximum  difference 

D  =  min  D(i,  j,  a')  (4) 


as  a  "model  fit"  image  The  model  fit  image 

identifies  those  regions  that  are  not  described  well  by  any 
of  the  model  densities. 


Figure  2  Aircraft  SAR  image  (Courtesy  ERIM) 


EXPERIMENTAL  RESULTS 

Figure  2  is  a  512  x  512  pixel  aircraft  SAR  image  over 
Willow  Run  Airport  in  Michigan.  Figure  3  shows  the 
computed  parameter  image  for  an  8  x  8  pixel  window.  The 
range  of  parameter  values  used  was  1  <  a  <  4  in  32  discrete 
steps.  Built  up  areas  have  low  Weibull  parameter  values. 
These  are  the  darker  areas  in  Figure  3.  A  histogram  over  a 
built  up  area  in  this  image  is  shown  in  Figure  4a.  In  built 
up  areas,  the  histograms  have  very  heavy  tails  and  are  thus 
better  modeled  by  log-normal  or  even  exponential 
densities.  Natural  features  (e.g.,  sparse  vegetation,  forested 
areas,  and  water)  on  the  other  hand  are  better  modeled  by 
Rayleigh  densities.  In  regions  containing  natural  features 
the  Weibull  parameter  values  are  higher.  These  are  the 
brighter  areas  in  Figure  3.  Histograms  over  wooded  and 
grassy  areas  in  this  image  are  shown  in  Figure  4b  and  c. 
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Figure  4  Selected  histograms  from  image 

Figure  5  depicts  the  model-fit  errors,  i.e.,  areas  in  the 
image  that  did  not  match  any  of  the  model  densities.  In 
many  of  these  areas  the  densities  have  more  than  one  mode 
thus  indicating  a  mixture  of  two  or  more  materials.  This 
effect  is  particularly  evident  near  features  that  are  about  the 
size  of  the  processing  window  (e.g.,  the  roads  and  the 
runways). 
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Figure  5  Model-fit  image 


Man-made  and  natural  features  are  separated  by  thresholding 
the  parameter  image  (Figure  3).  The  threshold  value  used 
(a  =  2.7)  was  between  the  two  modes  in  the  parameter 
image  histogram  (Figure  6).  Values  less  than  the  threshold 
are  classified  as  man-made.  Regions  containing  man-made 
and  natural  features  are  shown  in  Figures  7  and  8. 


Figure  6  Histogram  of  the  parameter  image 


CONCLUSION 

A  method  for  detecting  man-made  features  in  SAR  imagery 
has  been  described  and  demonstrated.  Additional  testing  is 
underway  to  determine  the  stability  of  the  threshold  for 
discriminating  between  man-made  and  natural  features  for  a 
given  SAR  sensor.  We  are  also  determining  the  extent  to 
which  the  method  is  insensitive  to  the  topographic 
modulation  of  brightness  mentioned  in  the  paper.  Future 
applications  include  the  detection  of  man-made  changes  in 
imagery  and  use  together  with  other  texture  measurements 
for  land  use  classification. 
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Figure  7  Man-made  features 


Figure  8  Natural  features 
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Abstract 

Multifractal  features  have  been  widely  used  in 
geophysics  to  characterize  natural  phenomenons 
but  seldom  in  image  processing.  Therefore,  in  this 
study,  we  show  that  these  features  can  also  be  ef¬ 
ficient  in  texture  classification.  We  assume  that  a 
natural  image  texture  is  the  result  of  a  specific 
two-dimensional  multifractal  cascade  process  and 
so,  according  to  the  universal  multifractal  theory^ 
few  parameters  are  enough  to  entirely  describe 
this  process  and  therefore  the  texture.  As  the  mul¬ 
tifractal  parameters  are  quite  linearly  separable,  a 
very  simple  and  fast  algorithm  is  run  for  the  su¬ 
pervised  segmentation.  In  practice,  we  have  com¬ 
puted  these  features  on  a  SIR-C  L-band  polari¬ 
metric  SAR  image,  and  used  them  to  segment  this 
image  into  five  classes  (sea,  shore,  forest,  urban  ar¬ 
eas  and  cultivated  fields). 

1.  Introduction 

The  introduction  of  the  fractal  geometry  few  years  ago 
[1]  brought  up  a  new  approach  in  texture  analysis  and 
classification  :  a  surface  can  be  described  by  its  roughness 
which  is  quantatively  evaluated  with  its  fractal  dimension. 
First,  this  feature  has  been  widely  used,  with  quite  good 
performance  [2]- [3],  but  some  authors  have  pointed  out 
that  the  single  fractal  dimension  may  not  be  a  successful 
tool  for  fully  discriminating  textures;  some  studies [4]  [5]  on 
different  textures  showed  that  despite  obvious  visual  dif¬ 
ferences,  the  fractal  dimensions  remained  quite  identical. 
So,  we  attempted  to  find  out  a  more  accurate  description 
of  the  texture. 

In  previous  studies  in  geophysics,  many  physical  phe¬ 
nomenons  such  earthquakes,  rain  falls,  clouds,  etc. . .  [6] 
have  been  modeled  by  multiplicative  cascade  processes. 
The  main  characteristic  of  these  cascades  is  their  multi¬ 
fractal  behavior  and  so,  according  to  the  universal  multi- 
fractal  theory^  is  completely  described  with  only  two  pa¬ 
rameters  which  are  easily  computed  from  the  raw  data. 
Moreover,  in  remote  sensing,  the  computation  of  these 
multifractal  parameters  of  some  physical  phenomenons 
like  clouds  or  sea  ice,  pointed  out  a  certain  stability  of 
their  value  whatever  the  remotely  sensed  data  sources[7] 
are. 

In  this  paper,  a  study  on  multifractal  interest  in  clas¬ 


sification  is  performed  on  the  SIR-C  L-band  polarimetric 
SAR  image  of  the  Landes  area  in  France.  First,  we  in¬ 
troduce  the  multifractal  parameters  and  then  we  propose 
our  simple  segmentation  algorithm  with  the  obtained  re¬ 
sults  using  the  multifractal  features,  added  to  the  intensity 
mean  and  variance  computed  on  each  pair  of  polarizations. 

2.  Multifractal  Parameters 
2.1  Scale  Invariance 

Before  estimating  any  fractal  or  multifractal  features,  we 
must  ensure  that  the  principal  property  of  a  fractal  pro¬ 
cess  is  respected:  the  scale  invariance.  Computing  the 
power  spectral  density  is  a  convenient  and  fast  way  to 
check  this  invariance  for  second  order  moment.  In  case  of 
fractal  data,  the  ‘spectrum  in  log  versus  log  scale  presents  a 
linear  part  corresj,  ending  to  a  scaling  behavior  of  the  frac¬ 
tal  set.  Precisely,  tiiis  linearity  corresponds  to  the  power 
law  : 

(P(/))  cx  1/f  (1) 

where  /  is  the  frequency  in  the  Fourier  space  and  ^  the 
spectral  exponent.  For  isotropic  data,  the  linear  part  cov¬ 
ers  the  totality  of  the  scale  range,  whereas  for  anisotropic 
one  the  spectrum  is  distorded.  Unfortunately,  real  tex¬ 
tures  are  seldom  isotropic  and,  even  when  they  are,  im¬ 
age  shooting  conditions  like  sensor  orientation,  make  them 
anisotropic.  Some  methods [8]  allow  to  compute  the  mul¬ 
tifractal  parameters  even  in  anisotropic  cases,  but  it  takes 
too  much  time  to  keep  the  segmentation  efficient.  So  in  or¬ 
der  to  avoid  this  waste  of  time,  the  valid  frequency  range 
and  so  the  valid  scale  range  was  chosen  experimentally 
where  the  anisotropic  distortion  is  estimated  to  be  not  so 
significant  compared  with  the  real  image  texture  charac¬ 
teristic  influence.  Observations  on  natural  textures  of  size 
256  x  256  pixels  taken  from  the  SIR-C  polarimetric  SAR 
image,  give  a  valid  scale  range  from  2  pixels  to  32  pix¬ 
els.  This  choice  has  also  been  motivated  keeping  in  mind 
the  time  computation:  taking  too  many  scales  does  not 
improve  parameter  estimation  enough  with  regard  to  the 
computation  time.  Fig.l  shows  the  power  spectra  of  differ¬ 
ent  textures,  the  hashed  zones  indicate  the  non-considered 
scales.  At  the  high  scale,  the  spectrum  curvatures  trans¬ 
late  the  anisotropic  behavior  of  the  studied  textures. 

Note  that  in  case  of  monofractal  processes,  the  unique 
fractal  dimension  D  is  a  function  of  /?.  For  a  n-dimensional 
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Fig.  1.  Spectral  density  of  different  textures.  From  top  to  bot¬ 
tom  :  shore,  cultivated  fields,  sea  and  forest.  The  spectra  have 
been  vertically  offset  so  as  not  to  overlap 


Fractional  Brownian  Motion  the  fractal  dimension  is 
given  [4]  by  the  relation  : 

D  =  n  +  (3  -  /?)/2 

This  relation  is  obviously  no  longer  applied  to  multifractal 
processes. 

2.2  Multifractal  processes 

First,  assuming  that  a  texture  is  the  result  of  a  multifrac¬ 
tal  cascade  process,  we  call  (pi^A  the  i^^  elementary  energy 
flux  of  the  cascade  at  the  finest  scale  which  represents  the 
pixel  level  for  the  image  texture.  Let  A  =  L/l  be  the  scale 
ratio  where  L  is  the  outer  scale  and  /  the  scale  of  interest 
and,  reducing  the  resolution  consists  in  multiplying  I  by 
2.  Identically  to  we  define  (pi^\  at  the  scale  ratio  A; 
(pi^\  is  the  mean  of  all  the  inside  a  square  of  size  /. 

One  particular  property  of  a  multifractal  field  is  that 
the  energy  flux  (pi^x  follows  the  scale  law  (2)  where  7*  is 
its  order  of  singularity  [8] .  Higher  is  ji  and  higher  is  the 
singularity  i. 


(fi^x  «  AT'-  i  G  [1..A2]  (2) 

Further  more,  in  multifractal  processes,  the  fractal  di¬ 
mension  of  the  subset  of  all  the  (pi^x  higher  than  a  thres¬ 
hold  7-(7),  with  T{y)  =  A'^,  is  a  decreasing  function  of 
7,  whereas  in  monofractal  processes  like  Brownian  mo¬ 
tions,  this  fractal  dimension  is  constant.  This  behavior  is 
described  by  eq.3  which  shows  the  link  between  the  sin¬ 
gularity  order  and  the  fractal  dimension.  For  convenience, 
the  codimension  c{y)  =  D  —  d{y)  where  D  is  the  embed¬ 
ding  space  dimension  and  d{y)  the  fractal  dimension  of 
the  subset  of  the  pi^x  higher  than  r(7),  was  introduced[9]. 
We  can  say  that  c(j)  describe  the  sparseness  of  the  field 
intensities. 


Pr(<pi,x  >  AT)  «  A-<T)  (3) 

If  we  now  consider  the  order  statistical  moment 
{Px)j  we  can  define  the  multiple-scaling  exponent  K{q)  : 

{pI  x)  ^  with  A  >  1  (4) 


which  is  related  to  the  codimension  function  c(7)  via  a 
Legendre  transform  [9].  This  exponent  function  K{q)  fully 
characterizes  the  multifractal  pro  cess  [9],  and  is  easily  and 
practically  computed  via  a  generalization  of  the  partition 
function  methods  to  stochastic  processes  called  “Trace 
Moments”  [8].  But  even  if  K[q)  entirely  describes  mul¬ 
tifractal  processes,  practically,  it  is  not  very  easy  to  dis¬ 
tinguish  two  multifractal  processes  by  using  it  because  of 
the  infinity  of  points  to  compare.  The  same  problem  oc¬ 
curs  with  0(7). 

2.3  Multifractal  Universality 

Since  neither  0(7)  nor  K{q)  were  suitable  for  process  com¬ 
parisons,  we  had  to  look  towards  universal  multifractals. 
There,  it  was  shown  [10]  that  a  nonlinear  multiplicative 
conservative  flux  possesses  a  stable  and  attractive  gener¬ 
ator  which  can  be  described  by  relations  (5)  and  (6). 


These  relations  show  that  K{q)  and  c(7)  can  be  defined 
by  only  two  parameters:  Ci  and  a.  The  first  one,  Ci,  is 
the  mean  singularity  of  the  multifractal  process  and  is  a 
fixed  point  of  c(7),  so  we  have  : 


71  =  Cl  =  c(7i)  =  cCCi)  (7) 

This  parameter  is  bounded  by  0  and  d,  the  embedding 
space  dimension  (in  our  case  d  —  2)  and,  in  our  study,  Ci 
is  computed  by  the  relation  (8),  according  to  the  relations 
described  in  [9]. 


Then,  the  second  one,  a,  is  the  Levy  index  and  charac¬ 
terizes  the  field  multifractality  degree.  It  belongs  to  [0,2] 
and  its  extremal  values  correspond  to  p  model  (monofrac- 
tal  process)  when  a=0,  and  to  the  log-normal  model 
when  Q!=:2.  To  compute  this  parameter,  the  Double  Trace 
Moment[H]  is  chosen. 

Thus,  a  and  Ci  completely  describe  two  conservative 
multifractal  processes,  and  so  we  now  use  them  to  compare 
image  textures. 

3.  Application  on  SAR  Image 

The  multifractal  feature  description  done,  we  can  now 
point  out  their  relevance  in  an  L-band  polarimetric  SAR 
image  acquired  from  the  SIR-C  satellite,  see  Fig. 2.  The 
scene  covers  the  south  of  the  Arcachon  oyster  bed  in  Lan¬ 
des  country  (France)  and,  is  of  size  9920  x  1190  pixels.  Its 
resolution  is  6.66  meters  in  distance  and  5.22  meters  in 
azimuth. 

First,  the  multifractal  parameters  and  the  intensity 
mean  and  variance  are  computed,  for  each  pair  of  po¬ 
larizations  HH,HV,VV,  on  windows  of  size  64  x  64  pixels 
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Fig.  2.  Original  SIR-C  polarimetric  SAR  image  in  L-band,  rep¬ 
resenting  Les  Landes  area  (France) 


image  textures  with  both  their  universal  multifractal  pa¬ 
rameters  and  their  intensity  mean  and  variance.  The  mix 
of  these  features  gives  a  good  result  because  of  the  com¬ 
plementarity  of  their  discrimination  aptitude.  We  can  also 
note  that  the  features  are  relevant  enough  to  avoid  using  a 
complicated  segmentation  algorithm  and  so  to  gain  time. 

The  good  results  obtained  in  this  study  are  promis¬ 
ing;  further  works  on  other  SAR  images  will  validate  the 
method.  Furthermore,  it  should  be  interesting  to  qualify 
the  multifractal  model  relevance  in  terrain  characteriza¬ 
tion. 
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Fig.  3.  Segmentation  result.  From  the  darkest  grey  level  to 
the  lightest:  deep  water  (ocean,  lake),  forest,  cultivated  fields, 
wet  land(  shore,  Arcachon  oyster  bed),  artificial  zones  (urban 
areas,  pieces  of  roads  ) 


overlapping  with  a  step  of  14  pixels  horizontally  and  7 
pixels  vertically,  giving  704  x  157  pixels  feature  images.  In 
a  previous  study [12],  the  multifractal  features  were  com¬ 
pared  to  the  classical  features  to  show  their  relevance,  but 
here  they  are  combined  in  order  to  improve  the  texture 
classification.  Indeed,  multifractal  are  not  able  to  distin¬ 
guish  a  dark  texture  from  a  light  one  if  they  result  from 
the  same  cascade  process. 


For  the  learning  stage,  we  have  selected  one  window  of 
size  20  X  20  pixels  per  texture,  in  the  feature  images,  and 
computed  the  mean  of  these  features  inside  this  window. 
This  yields  fifteen  attributes,  noted  with  {k  G  [1..15]), 
for  the  texture.  Then,  the  classification  is  performed 
as  follow  (  (.)  is  the  spatial  averaging)  : 


•  for  the  k  features  k  G  (/?,  Ci,  a,  x,  cr^) 

•  for  each  element  (i,i)  of  the  k^^  feature  image 

'  fk{ij)  =  {fkii'J'j).  1  /  ^  .  1 

with  2  -  1  <  /  <  ^  +  1  and  j  -  1  <  j'  <  J  +  1 


•  for  the  n  textures 

.  /(-)(*,  j)+  = 

•  end  for  n 

•  end  for  each  element 
•  end  for  k 


then,  an  element  {i,j)  belongs  to  the  texture  which  cor¬ 
responds  to  the  maximum  of  all  the 

Fig. 3  presents  the  classification  into  five  classes  of  the 
image  presented  Fig.2. 


4.  Conclusion 

In  this  work,  we  studied  terrain  classification  on  the  po¬ 
larimetric  SAR  image  of  Les  Landes  (France),  using  uni¬ 
versal  multifractal  theory.  Therefore,  we  have  described 
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ABSTRACT 

All  rec«it  scientific  SAR  data  is  formatted  in  compliance, 
more  or  less,  with  the  CEOS  standard  developed  recently.  If 
this  standard  were  followed  meticulously  by  each  organization 
producing  SAR  data  a  single  t^-reader  could  read  all  of  the 
data.  However,  there  are  small  but  significant  differences  in 
how  each  sensor’s  data  is  formatted  and  this  has  led  to  the  need 
for  a  different  reader  for  each  sensor,  and  even  for  each  format 
from  the  same  sensor.  This  makes  using  the  data  difficult  for 
most  users,  as  the  first  step  is  to  read  it  in  to  some  kind  of  image 
processing  system,  such  as  ERDAS,  PCI,  GRASS,  KHOROS, 
etc. 

The  solution  to  this  problem  has  been  for  data  providers  and 
commercial  vendors  to  write  tape  readers  for  their  customers. 
Unfortunately,  these  readers  do  not  read  all  the  ancillary  data 
and  do  not  allow  easy  porting  to  use  with  other  image  process¬ 
ing  systems.  A  new  general  reader  has  been  developed  that 
solves  all  these  problems.  It  uses  simple  text  “format”  files  to 
define  the  data  that  is  to  be  read  in:  variable  name  and  type,  lo¬ 
cation  in  file,  and  format.  It  also  allows  the  user  to  write  inter¬ 
face  code  to  read  the  data  (ancillary  and  image)  into  the  user’s 
image  processing  system. 

Despite  this  solution,  a  better  format  would  make  things  even 
easier  both  for  the  data  provider  and  for  the  user.  A  new  format 
is  proposed  which  addresses  the  following  issues:  (1)  a  single 
file  per  image,  with  a  single  record-length  per  file;  (2)  Ancil¬ 
lary  data  in  ASCII:  KEYWORD  =  value  ;  comment;  (3)  Self- 
documenting  via  comments  and  strict  syntax;  (4)  Self-reading, 
so  that  a  program  can  read  input  file  and  generate  code  that  can 
read  in  all  data  in  input  file;  (5)  Addition  of  new  parameters  is 
simple,  and  users  can  generate  readers  for  the  new  format  with 
the  program  in  #4. 

This  code  is  written  and  works  now. 

1.  INTRODUCTION 

This  p^r  presents  a  solution  to  the  problem  of  constantly  writ¬ 
ing  new  software  to  read  in,  and  otherwise  process,  a  SAR  im¬ 
age  every  time  a  new  format  must  be  supported.  The  basic  prob- 
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lem  is  that  the  CEOS  standard  for  SAR  data  is  not  being  meticu¬ 
lously  followed,  hence  there  is  a  new  format  to  deal  with  when¬ 
ever  receiving  data  from  a  different  sensor  or  different  process¬ 
ing  facility.  Section  2  details  the  problems  with  the  present  stan¬ 
dard,  and  section  3  presents  a  computer  program  that  solves 
these  problems  in  a  way  that  requires  no  programming  from  the 
user.  Section  4  gives  a  detailed  example  of  a  format-file  that  is 
used  for  that  solution.  Section  5  then  goes  on  to  propose  a  new 
standard  that  would  be  better  for  both  data  provider  and  data 
user.  A  detailed  example  of  this  new  standard  is  given  in  sec¬ 
tion  6,  followed  by  the  conclusions  in  section  7. 

2.  PRESENT  TROUBLES 

To  any  SAR  data  user  who  uses  data  from  different  sensors  or 
different  processing  facilities  the  problems  with  the  present  stan¬ 
dard  for  Ais  data  is  obvious:  the  formats  are  nearly  identical, 
but  not  exactly.  When  they  aren’t  exactly  identical  in  areas  that 
matter  to  the  user,  the  solution  involves  writing  a  custom  com¬ 
puter  program  for  each  format  type.  In  our  lab  this  has  quickly 
become  a  prohibitive  time  sink  with  2  or  3  new  formats  every 
year.  The  solution  presented  here  is  a  code-generator:  a  pro¬ 
gram  that  writes  the  source  code  for  another  program. 

But  back  to  the  problems:  how  serious  are  they?  It  all  de¬ 
pends  on  the  kind  of  processing  required:  which  parameters  you 
need.  Some  example  problems  include:  (1)  one  needs  the  res¬ 
olution  of  a  pixel,  not  spacing,  to  estimate  the  number  of  looks 
applied,  and  it’s  not  there;  (2)  one  needs  a  calibration  constant 
to  give  you  an  absolutely-calibrated  image,  for  comparison  with 
other  images,  and  that  constant  is  zero  or  missing.  The  kinds  of 
problems  encountered  so  far  are  summarized  below: 

1.  missing  data  (zero  or  not  supplied  at  all) 

2.  wrong  data  (the  value  is  wrong  or  inconsistent) 

3.  data  with  different  meanings  (eg.:  one  facility  uses  sen¬ 
sor  resolution,  while  another  uses  image  resolution) 

4.  data  in  different  places  and/or  different  formats  (eg.:  date 
formats) 
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5.  data  is  not  in  the  same  form  as  in  another  format.  Re¬ 
quires  writing  a  program  to  calculate  required  parame- 
ter(s). 

6.  poorly-defined  parameters  (eg.:  polynomial  coefficients 
for  doppler  centroid  do  not  give  a  clue  as  to  the  polyno¬ 
mial  equation  they  go  with.) 

3.  SOLUTION 

The  proposed  solution  to  most  of  these  problems  involves  the 
user  writing  a  simple  ASCII  “format-file”  for  each  file-type,  de¬ 
scribing  what  to  read,  where  to  read  it,  and  the  format.  This 
can  take  care  of  problem  #4  above.  The  format  file  also  ^lows 
one  to  assign  default  values  and  to  do  arbitrary  processing  of 
the  values  to  produce  new  ones.  This  will  solve  problems  #3 
and  #5,  and  can  solve  #1,  #2,  and  #6  under  most  circumstances. 
To  solve  problem  #6  and  sometimes  #1 ,  one  must  resort  to  ask¬ 
ing  the  data  provider  for  more  information.  This  is  usually  very 
difficult  since  the  question  usually  involves  something  rather 
detailed  or  esoteric.  Often,  things  that  are  missing  or  wrong 
are  predictable  for  a  particular  format  (from  a  particular  sensor 
and  processing  facility)  and  so  default  values  can  be  used  in¬ 
stead.  The  data  with  different  meanings  is  also  a  constant  for  a 
particular  file-type  and  so  can  usually  be  transformed  so  that  it 
has  a  standard  meaning  as  desired  by  the  user.  However,  there 
still  may  be  unresolvable  problems  that  the  “format-file”  ap¬ 
proach  cannnot  solve,  eg.:  no  calibration  constant.  But  since 
this  “format-file”  scheme  solves  most  problems  it  saves  lots  of 
time  and  is  still  worth  using  in  most  cases. 

Each  format  file  that  a  user  writes  specifies  how  to  read  in 
ancillary  and  image  data  as  provided  by  a  particular  process¬ 
ing  facility  in  one  among  several  formats  that  are  specific  to 
the  sensor  involved.  For  example,  four  format  files  would  be 
written  in  order  to  read  data  from:  (1)  ERS-1  as  provided  by 
Gatineau  (Canada)  in  MLD  format,  (2)  ERS-1  as  provided  by 
DLR  (Germany)  in  PRI  format,  (3)  SIR-C  as  provided  by  JPL 
(USA)  in  SLC  format,  (4)  X-SAR  as  provided  by  DLR  (Ger¬ 
many)  in  SSC  format.  Each  is  different,  each  has  its  own  quirks, 
but  these  quirks  are  predictable  for  each  and  can  be  encoded  in 
the  format  files  that  the  user  must  write. 

These  format  files  are  detailed  enough  so  that  a  computer  pro¬ 
gram  is  genertaed  from  them.  The  new  program  is  capable  of 
reading  the  data  as  specified  in  the  format  file.  There  are  two 
main  reasons  for  this  method: 

1 .  The  generated  code  can  easily  be  customized  to  work  with 
different  image  processing  packages.  This  is  through  the 
use  of  a  few  standardized  calls  to  subroutines/functions 
that  are  package-specific.  When  compiling  the  program 
one  merely  links  using  the  library  appropriate  for  the  im¬ 
age  processing  package  of  choice, 

2.  The  resultant  data  sets,  from  disparate  sensors  and  pro¬ 
cessors,  can  all  have  the  exact  same  set  of  ancillary  data. 


This  is  due  to  the  translation  and  calculation  abilities  built 
in  to  the  format  file  specification.  For  instance:  All  the 
dates  can  be  MM-DD- YY  Y  Y,  all  the  distances  can  be  me¬ 
ters,  all  the  calibration  constants  can  be  multiplicative  as 
applied,  etc. 

Both  of  these  are  major  advantages  when  one  must  write  code 
to  perform  further  processing.  For  example,  our  lab  uses  four 
different  orthorectification  programs  for  four  different  S  AR  for¬ 
mats.  This  is  a  nightmare  of  wasted  effort  in  writing  and  main¬ 
taining  them.  One  orthorectifier  is  all  that  should  be  needed 
with  this  new  tape  reader  and  re-formatter. 

4.  EXCERPT  FROM  EXAMPLE  FORMAT-FILE 

%  format  file  for:  Gatineau  ERS-l/MLD 
f ile_type :  DEFAULT=" format " , LOCAL 
f ormat_name :  DEFAULT="ers_ccrs_mld" , LOCAL 
int_format :  DEFAULT=" 2s -complement" , LOCAL 
int  byte_order:  DEFAULT= [4, 3, 2, 1] , LOCAL 

g, 

Coldesc :  RECORD-ID=5 : 5, "BIU8", 192; 6:6, 

"BIU8", 192;7 :7, "BIU8", 18;8 :8, "BIU8", 18 

% 

tapelD :  READ="voldesc", 45:60, "A32" 

sensor :  READ="voldesc" ,61:76, "Al 6” 

%CCODE=if (strncmp (sensor, "ERS", 3)  !=0  )  1 

%CCODE=  printf ("Error:  Expecting  ERS 
sensor,  got:  %s\n", sensor) ; 
%CCODE=  return (error) ;  } 

% 

totpix :  READ=" imop_f desc" , 249:256,  "I8" 
totlin:  READ="imop_f desc", 237 :244,  "I8" 

Q. 

O 

%  Now  the  image  data: 

imgbfr :  DATA="image", 193:$,BIU16 

5.  PROPOSED  NEW  FORMAT 

Despite  this  solution,  a  better  standard  would  be  welcome.  lAffiat 
are  the  requirements  of  this  standard?  The  most  basic  require¬ 
ment  is  that  it  be  used  by  the  data  providers.  I  formulated  the 
following  list  with  that  in  mind,  as  well  as  ease  of  use  by  the 
data  users: 

1.  One  file  per  image  (can  be  multi-channel). 

2.  All  records  in  file  same  length. 

3.  All  ancillary  data  in  ASCII  at  start  of  file: 

KEYWORD  =  value ;  comment 

4.  Self-Documenting: 

•  parameters  clearly  defined  with  comments 

•  parameter  types  unambiguous  via  syntax  rules 
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5.  Self-Reading:  Developed  code  that  can  read  in  any  file 
and  output  the  source  code  for  a  program  that  will  read 
in  the  file.  As  in  the  general  reader  for  present  CEOS- 
SAR  data,  the  same  customization  to  a  user’s  own  image 
processing  system  is  available. 

6.  Must  have  a  set  of  parameters  (and  definitions)  that  all 
data  providers  agree  to  that  would  be  mandatory  for  all 
data  sets.  Optional  parameters  for  different  types  of  sen¬ 
sors  can  be  defined  as  well. 

7.  Addition  of  new  parameters  by  the  data  providers  is  as 
simple  as  adding  the  parameter  name,  value  and  comment. 
Users  can  then  read  the  ’’new  format”  after  creating  a 
reader  for  it  by  running  the  program  in  #5. 

Each  of  these  is  easy  to  accomplish  by  the  data  providers,  and 
will  allow  for  increased  ease-of-use  by  the  end-users.  Becasue 
SAR  is  still  in  rapid  development  there  are  constantly  new  re¬ 
quirements  in  the  ancillary  data  that  no  standardizing  commit¬ 
tee  could  hope  to  keep  up  with.  That  is  why  the  present  stan¬ 
dard  (CEOS-2)  has  a  special  record  that  is  to  be  used  for  any¬ 
thing  extra  that  the  data  provider  thinks  is  important.  The  new 
standard  proposed  here  makes  the  entire  header  area  like  this  so 
that  there  is  nothing  special  about  new  ancillary  data:  making 
it  special  just  makes  it  more  work  to  write  a  program  to  read  it 
in.  So  all  ancillary  data  is  in  the  top  of  the  file,  in  the  same  for¬ 
mat,  as  given  in  point  #3  above.  Adding  new  keywords  is  easy 
for  the  data  provider,  since  the  ordering  of  the  keywords  and 
thier  positions  is  completely  arbitrary.  Old  programs  that  don’t 
read  these  new  keywords  still  work,  since  they  effectively  ig¬ 
nore  any  data  that  they  weren’t  told  to  read.  All  common  scalar, 
vector,  and  matrix  data  types  are  supported  and  have  a  unique 
syntax  so  that  their  data-types  are  unambiguous.  Various  re¬ 
quired  keywords  specify  important  details  concerning  the  im¬ 
age  data  such  as  data-type  and  byte-ordering.  All  capabilities  in 
the  old  format  are  preserved  in  this  new  format,  such  as  geocod¬ 
ing  line-by-line,  since  vectors  of  arbitrary  length  are  a  supported 
ancillary  data  type.  The  ASCII  header  can  be  displayed  at  the 
terminal  very  simply,  since  all  that  is  needed  is  a  translation 
from  the  end-of-key word  character  used  in  the  data  file  to  the 
end-of-line  character  used  by  the  computer.  The  image  itself 
no  longer  has  any  header  or  trailer  in  each  line  so  that  it  is  very 
simple  to  read  it  in  with  standard  programs  if  one  wishes  to  do 
so.  Also,  a  record  of  image  data  on  the  tape  is  one  line  in  the 
image,  allowing  the  user  to  easily  extract  a  subset  while  reading 
the  tq)e,  if  necessary. 

Lastly,  because  it  is  strongly  typed,  the  data  file  can  be  used 
as  a  template  by  a  code-generator  to  produce  a  new  tape-reading 
program  that  will  read  in  all  of  the  ancillary  data,  thus  allevi¬ 
ating  the  end-user  of  the  task  of  writing  a  new  tape  reader  for 
each  new  format.  On  the  processing  facility  side,  there  is  an¬ 
other  program  which  can  read  a  data  file,  but  generate  code  to 
write  a  data  file  of  that  kind.  With  all  this  in  hand,  the  user 
will  never  again  need  a  hard-copy  of  the  tape  format  describ¬ 
ing  fields  byte-by-byte. 


6.  EXCERPT  FROM  EXAMPLE  NEW  FORMAT 

Note  that  many  of  the  comments  have  been  deleted  in  an  effort 
to  save  space  for  this  article. 

%  S  TART -OF -HEADER 
RECORD_LENGTH=  512 
FILE_FORMAT="CEOS-3  SAR" 

NHEADER_RECORDS=  30 

%  Example  fmt  for  CEOS-3  SAR  Image  Data. 

% 

DATA_START_RECNO=  31 

NUMBER_OF_IMAGE_LINES=512  %  No .  Of  lines 
%  (y-dir)  in  the  image  for  a  single  band. 

%  (NOT  #records) 

NUMBER_OF_IMAGE_PIXELS=512  %No .  of  pixels 
%  (x-dir)  in  the  image  for  a  single  band. 

% 

DATA_TYPE="signed  integer" 
DATA_NUMBERS_PER_P IXEL=1 
DATA_B YTE  S_PER_NUMBER= 1 
DATA_INTEGER_F0RMAT="2s-COmplement" 
DATA_BAND_INTERLEAVING="pixel" 

% 

TAPEID="EOC1003" 

PROCESSOR_VERSION="Vl .0.3" 
SENSOR_NAME="SRL-l,  SIR-C" 
DATA_FORMAT_CODE="MLD " 
DATA_FORMAT_NAME="Multi-Look  Detected" 
ACQUIS IT ION_DATE=" 01-13-1960"  %dd-mm-yyyy 
ACQUSITION_TIME="13 : 45 :23 . 023" 

%  hh:mm:ss.xxx 

RESOLUTION_AZIMUTH=30 .  %  Resolution  in 

%  azimuth  direction,  meters. 

RESOLUTION_SLANT_RANGE=30.  %  Resolution 
%  in  slant  range  direction,  meters. 

7.  CONCLUSIONS 

Two  new  programs  have  been  written  that  can  help  both  SAR 
data  users  and  providers  to  save  time  and  do  their  work  better. 
The  first  program  can  read  several  format-files,  describing  dif¬ 
ferent  formats  of  CEOS-SAR  data  files,  and  create  a  program 
that  will  distinguish  between  the  different  formats  and  will  read 
them  in  so  that  both  the  ancillary  data  and  the  image  data  are  in  a 
uniform  format  for  use  by  other  processing  programs.  The  sec¬ 
ond  program  is  really  a  set  of  programs  that  allows  a  user  and 
data  provider  to  read  and  write  a  new  format  that  is  flexible  and 
powerful  enough  to  satisfy  all  data  formatting  needs  for  SAR 
data  in  the  forseeable  future.  This  set  of  programs  alleviates 
the  need  for  users  or  providers  to  ever  write  a  format-reader  or 
format-writer  ever  again.  These  programs  are  available  to  any 
non-commercial  user.  Just  email  the  author  for  more  informa¬ 
tion. 
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ABSTRACT 

RADARSAT  is  a  Canadian  polar  orbiting  remote  sensing 
satellite  launched  in  November  1995.  Its  only  instrument  is  a 
synthetic  aperture  radar  (SAR)  that  is  capable  of  operating  in 
a  number  of  imaging  modes,  including  the  first  operational 
Scans  AR  in  space.  As  one  of  the  data  reception,  processing, 
and  archive  facilities  for  RADARSAT  data,  the  Alaska  SAR 
Facility  (ASF)  has  responded  to  its  science  users  by 
establishing  a  RADARSAT  processing  system  to  handle  the 
data  processing  of  all  RADARSAT  modes.  This  paper 
outlines  the  ASF  RADARSAT  data  processing  requirements 
as  driven  by  the  science  users  and  describes  the  RADARSAT 
processing  system  design  and  implementation  approach  to 
meet  the  challenge  of  providing  ASF  with  an  integrated 
operational  SAR  image  production  facility.  Design  and 
implementation  attributes  that  facilitate  system  growth  in 
handling  future  SAR  missions  such  as  Envisat  and  HIROS 

are  also  addressed.^ 


INTRODUCTION 

The  Alaska  SAR  Facility  (ASF),  situated  at  the  University 
of  Alaska  at  Fairbanks,  has  been  acquiring,  processing,  and 
archiving  synthetic  aperture  radar  (SAR)  data  from  a  fleet  of 
international  polar  orbiting  satellites  since  1991,  including 
the  European  ERS-1/2  and  the  Japanese  JERS-1  [1,2].  ASF 
has  also  been  selected  to  provide  similar  services  for  SAR 
data  from  the  Canadian  RADARSAT,  which  was  launched  in 
November  1995.  The  Jet  Propulsion  Laboratory  was  tasked 
in  1993  to  upgrade  ASF  to  be  capable  of  handling  all  four 
operating  satellites.  In  addition  to  upgrading  the  current 
facility  to  handle,  process,  and  archive  a  fourfold  increase  in 
data  volume,  new  processing  capabilities  are  also  needed  to 
deal  with  the  novel  ScanSAR-mode  and  special  beam  mode 
data  that  are  unique  to  RADARSAT.  In  order  to  keep  the 
operations  costs  in  check  in  the  face  of  increased  system 
complexity,  operability  and  maintainability  become 
important  system  design  issues  as  well.  This  paper  provides 
an  overview  of  the  RADARSAT  data  processing 
requirements  levied  on  ASF  and  a  perspective  on  the 
resulting  increase  in  system  complexity.  Major  system 
design  and  implementation  issues  are  then  discussed, 
followed  by  descriptions  of  the  SAR  Processing  System 


^The  research  described  in  this  paper  was  carried  out  by  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology,  under  a  contract  with  the 
National  Aeronautics  and  Space  Administration, 
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architecture  and  subsystem  designs.  The  paper  concludes 
with  a  brief  summary  of  the  development  experience  and  a 
report  on  the  current  status  of  this  activity. 

RADARSAT  PROCESSING  REQUIREMENTS 
OVERVIEW 

RADARSAT  is  the  first  in  a  series  of  Canadian  remote- 
sensing  satellites.  Its  single  payload  is  a  C-band  SAR  with 
characteristics  given  in  Table  I.  In  addition  to  operating  in 
the  customary  continuous  (strip)  mode,  RADARSAT  is  the 
first  operational  spaceborne  SAR  system  to  operate  in  a 
ScanSAR  mode  that  allows  up  to  500-km  coverage  over  a 
single  orbit  pass  [3].  To  fully  exploit  the  capabilities 
afforded  by  RADARSAT,  a  list  of  data  processing 
requirements  has  been  developed  under  the  guidance  of  a 
team  of  science  users  [4].  This  section  discusses  the 
throughput  requirements  for  RADARSAT,  ERS-1/2,  and 
JERS-1,  as  well  as  the  general  requirements  applicable  to  all 
ASF  systems. 

RADARSAT  Standard  Beam  Mode  Processing 
Requirements 

RADARSAT  can  operate  in  any  one  of  seven  standard 
radar  beam  modes,  each  covering  150  km  in  swath  and 
having  incidence  angles  ranging  from  20°  to  50°.  ASF  is 
required  to  process  a  total  of  58  minutes  of  standard  beam 
mode  data  from  any  combination  of  ERS-1/2,  JERS-1,  and 
RADARSAT  data  within  a  16-hour  day. 

RADARSAT  ScanSAR  Beam  Mode  Processing 
Requirements 

In  the  ScanSAR  modes,  wide-swath  coverage  of  300  km 
and  500  km  is  achieved  by  sweeping  the  antenna  beam 
electronically  in  the  range  dimension  to  generate  multiple 
overlapping  subswaths,  each  extending  about  150  km  in 
range.  The  resulting  echo  data  for  each  subswath  appears  in 
the  form  of  discrete  “bursts”  of  echo  returns  rather  than  a 
continuous  sequence.  Two  4-beam  modes  provide  a 
maximum  swath  width  of  about  500  km,  with  incidence 
angles  ranging  from  20°  to  50°.  One  3-beam  mode  and  one 
2-beam  mode  yield  the  300-km  swaths.  ASF  is  required  to 
process  42  minutes  of  RADARSAT  ScanSAR  data,  all 
modes  combined,  in  an  1 1-hour  day. 


43 


Table  I 

RADARSAT  SAR  CHARACTERISTICS 


Incidence  angle  (degrees) 

20-50 

Radar  frequency  (GHz) 

5.3 

Polarization 

HH 

Pulse  repetition  frequency  (Hz) 

1200-  1400 

Chirp  slope  (KHz/ps) 

-721.4 

-416.2 

-279.3 

Transmit  bandwidth  (MHz) 

Transmit  pulse  width  (jis) 

42.0  1 

Sampling  frequency  (MHz) 

RADARSAT  Special  Beam  Mode  Processing 
Requirements 

RADARSAT  is  also  equipped  to  operate  15  special  beam 
modes  that  include  three  wide-swath  beams,  five  fine- 
resolution  beams,  six  high-incidence  beams,  and  one  low- 
incidence  beam.  ASF  is  required  to  process  at  least  5 
minutes  of  special  beam  mode  data  in  a  5-hour  day. 

General  Requirements 

All  subsystems  within  the  ASF  SAR  Processing  System 
(SPS)  are  required  to  follow  project-wide  guidelines 
regarding  subsystem  interfaces,  systems  standards,  coding 
standards,  user  interfaces,  and  error  reporting  [5].  The 
emphasis  is  on  applying,  to  the  greatest  extent  possible, 
commercial  off-the-shelf  hardware,  software,  standards,  and 
technology.  Communication  between  the  SPS  subsystems 
follows  a  client-server  model,  with  the  raw  data  conditioner 
and  image  generation  processors  acting  as  production  servers 
to  a  control  processor  client.  With  the  exception  of  the 
existing  hardware-based  Alaska  SAR  Processor,  where 
additional  new  custom  hardware  is  unavoidable,  all  other 
subsystems  in  the  SPS  are  being  implemented  with 
commercial  high-performance  workstations  and  mini¬ 
supercomputers  that  run  operating  systems  based  on  System 
V  Release  4  (SVR4)  UNIX. 


ASF  SPS  OVERVIEW 

ASF  Overview 

ASF  is  a  full-service  data  processing  and  archiving 
organization.  It  can  assume  end-to-end  SAR  data  processing 
and  handling  functions  that  include  receiving  and  cataloging 
data  ordering  information  from  users,  communicating  data 
acquisition  requests  to  respective  flight  agencies,  collecting 
satellite  downlink  data,  processing  SAR  data  into  various 
forms  of  data  products,  and  archiving  and  distributing  the 
respective  products  back  to  the  individual  users.  Figs.  1  and 
2  depict  the  current  and  upgraded  configurations  of  ASF, 
respectively. 


Fig.  1 .  Current  ASF  Configuration 


Fig.  2.  New  ASF  Configuration 


Current  SPS  Configuration 

The  ASF  SAR  Processing  System  (SPS)  is  responsible  for 
reducing  the  SAR  raw  data  downlinked  from  the  satellites 
into  various  forms  of  image  products.  The  current  SPS,  also 
shown  in  Fig.  1,  consists  of  the  Alaska  SAR  Processor  (ASP) 
subsystem  and  the  SAR  Post  Processor  (SPP)  subsystem.  To 
date,  130,000  ERS-1  and  JERS-1  image  frames  have  been 
produced  by  the  SPS. 

The  ASP  is  a  SAR  data  processor  developed  by  JPL  in  the 
late  1980s.  It  was  commissioned  in  August  of  1990  to 
support  ERS-1  data  processing  and  underwent  a  modification 
in  1991  to  accommodate  JERS-1.  This  subsystem  consists  of 
a  hardware  correlator  and  a  control  computer  hosted  on  a 
MASSCOMP  workstation.  The  hardware-based  ASP  is  a 
custom-built  pipeline  SAR  correlator  that  executes  a  fast 
Fourier  correlation  technique  in  both  range  and  azimuth 
processing  [6].  The  ASP  is  capable  of  processing  strip-mode 
SAR  data  at  very  high  throughput  rates,  producing  a  100-km 
by  100-km  ERS  scene  in  6  minutes.  For  input,  the  ASP 
receives  playback  SAR  signal  data  from  an  Ampex  DCRSi 
high  density  digital  recorder  (HDDR). 

The  SAR  Post  Processor  (SPP)  subsystem  provides  data 
quality  assurance  and  interface  functions  between  the  SPS 
and  the  Archive  and  Catalog  Subsystem.  This  subsystem  is 
hosted  on  a  DEC  Micro VAX-II  running  the  VMS  operating 
system. 

SPS  Configuration  in  the  RADARSAT  Era 

New  System  Description:  To  accommodate  RADARSAT 
and  to  allow  for  easy  expansion  to  include  future  satellites, 
the  SPS  is  being  reconfigured  and  upgraded  using  an 
integrated  system  approach.  As  depicted  in  Fig.  3,  the  new 
SPS  configuration  consists  of  five  subsystems: 
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•  an  upgraded  version  of  the  current  ASP  that  handles 
RADARS  AT  and  ERS-2  data  in  addition  to  ERS4  and 
JERS~1  data; 

•  new  ScanSAR  Processors  (SSPs)  for  handling  ScanSAR- 
mode  data  from  RADARS  AT; 

•  new  Precision  Processors  (PPs)  for  handling  RADARSAT 
special  beam  modes,  as  well  as  processing  of  all  strip¬ 
mode  data  into  high-precision  image  data  products; 

•  a  new  Raw  Data  Scanner  (RDS)  for  reading  and 
deformatting  raw  signal  data  from  the  various  satellites 
for  ingestion  by  the  SSP  and  PP,  and  for  determining  raw 
data  availability; 

•  a  new  Control  Processor  (CP)  for  coordinating  all  SPS 
processing  controls  and  interfaces. 

Fig.  3  shows  the  external  interfaces  of  the  SPS  with  the 
Recording  and  Switching  Subsystem  (RSS),  which  houses 
the  HDDRs  used  for  nominal  raw  signal  data  input;  the 
Production  Planning  Subsystem  (PPS),  which  is  a  subsystem 
of  the  Data  Acquisition  and  Planning  Subsystem;  and  the 
Information  Management  /  Data  Archive  and  Distribution 
Subsystems  (IMS/DADS). 

System  Design  Approach:  The  design  of  the  new  SPS  has 
been  driven  not  only  by  numerical  throughput  requirements, 
but  also  by  the  ASF  project  directives  and  overall  goals  of 
expandability  and  ease  of  use.  To  those  ends,  the  following 
elements  have  been  incorporated  into  the  SPS: 

•  Resource  management  is  centralized  at  the  CP.  In 
particular,  the  CP  houses  a  large  disk  array  for  temporary 
storage  of  decoded  raw  data  files  and  completed  image 
products.  The  other  SPS  subsystems  have  only  enough 
local  storage  to  meet  their  processing  requirements  for 
one  job  request.  Placing  most  of  the  disk  space  at  the  CP 
reduces  the  need  to  have  large  amounts  of  storage 
distributed  at  each  subsystem  and  reduces  the  software 
development  costs  associated  with  having  to  manage 
distributed  data  stores. 

•  Centralized  control  of  SPS  operations  through  the  CP 
means  that  the  SPS  operator  can  monitor  operations  from 
a  single  location  and  user  interface  development  for  the 


Fig.  3.  New  SPS  Configuration 


SPS  is  almost  completely  confined  to  the  CP.  This  also 
greatly  simplifies  the  addition  of  new  SAR  processors. 

•  As  described  earlier,  the  SAR  data  processors  (ASP,  PP, 
and  SSP)  and  data  conditioner  (RDS)  all  behave  as 
product  servers  to  the  client  CP.  The  CP  uses  an  identical 
communications  protocol  and  common  software  library 
with  each  of  these  servers  to  send  and  receive  job 
information  and  send  control  messages  for  subsystem 
initialization  and  shutdown.  Development  of  the  library 
has  been  greatly  aided  by  the  fact  that  the  operating 
systems  on  all  these  platforms  are  based  on  SVR4  UNIX 
and  are  POSIX-compliant. 


THE  ASF  SPS  SUBSYSTEMS 

The  Alaska  SAR  Processor  (ASP) 

In  the  new  SPS  configuration,  the  ASP  becomes  just  one 
of  several  SAR  data  processors  within  the  SPS.  The  main 
function  of  the  ASP  is  to  continue  to  provide  a  high- 
throughput  strip-mode  data  processing  capability  for  the  SPS 
by  augmenting  its  system  to  accommodate  RADARSAT  and 
ERS-2.  The  new  ASP  subsystem  will  continue  to  be  based 
on  the  existing  hardware  correlator  which  will  be  fed  by  three 
data  deformatters  for  ERS,  JERS,  and  RADARSAT  strip 
mode  data.  A  number  of  modifications  are  also  being 
implemented  to  enhance  system  performance  and 
maintainability  and  to  allow  it  to  conform  to  the  new  project- 
mandated  client-server  interface  protocol.  The  new  ASP 
configuration  is  expected  to  yield  a  50%  increase  in 
processing  throughput,  allowing  the  ASP  to  generate  a  100- 
km  by  100-km  scene  within  4  minutes.  As  with  the  current 
data  processing  options  available  for  ERS- 1/2  and  JERS-1, 
the  ASP  can  produce  any  of  the  four  user  selected  image 
products  for  RADARSAT:  standard  low-resolution,  standard 
full-resolution,  complex,  and  computer-compatible  signal 
data  (CCSD).  Brief  specifications  for  these  four  products  are 
shown  in  Table  11. 

The  new  ASP  subsystem  (Fig.  4)  uses  a  DEC  Alpha 
workstation  with  128  MB  RAM  in  place  of  the  MASSCOMP 
as  the  control  computer.  The  Alpha  generates  processing  and 
control  parameters  for  the  hardware  correlator  and  buffers 
image  data  to  the  CP  storage  disks.  For  ingestion  of 
RADARSAT  data  from  the  RSS,  a  new  deformatter  has  been 


Table  II 

RADARSAT  Standard-Mode  Product  Specifications 


PRODUCT 

Number 

of 

Looks 

Pixel  Spacing 
(Resolution) 
(m) 

Pixel 

Format 

Swath 

(km) 

Low-resolution 

256 

100 

(240) 

Byte 

Amplitude 

100x100 

Full-resolution 

4 

12.5 

(30) 

Byte 

Amplitude 

100x100 

Complex 

1 

natural 

(10) 

16I/16Q 

40x50 

CCSD 

N/A 

N/A 

81/80 

N/A 
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Fig.  4.  New  ASP  System  Configuration 

added  to  the  front  end  of  the  ASP  hardware  correlator.  A 
new  VMEbus  interface  has  also  been  introduced  to  serve  as  a 
control  signal  interface  between  the  Alpha  and  the  hardware 
correlator. 

ScanSAR  Processor  (SSP) 

The  function  of  the  SSP  is  to  provide  the  SPS  with  the 
capability  of  processing  RADARSAT  ScanSAR-mode  data. 
The  implementation  of  the  SSP  has  been  divided  into  two 
phases.  Under  Phase  1,  a  prototype  processor  has  been  built 
for  the  evaluation  of  ScanSAR  processing  algorithms.  The 
final  version  of  the  prototype  shall  meet  all  image 
performance  requirements.  Its  throughput  rate  is  projected  to 
be  approximately  one  three-hundredth  real-time  or  one  500- 
km  by  500-km  ScanSAR  image  frame  in  about  6  hours.  This 
prototype  is  also  expected  to  participate  in  the  initial 
RADARSAT  downlink  validation  at  ASF.  Phase  2  involves 
the  implementation  of  high-throughput  processors  that  are 
capable  of  processing  42  minutes  of  ScanSAR  data  in  an  1 1- 
hour  day  (or  approximately  one  fifteenth  real-time).  Various 
types  of  ScanSAR  image  products  produced  by  the  SSP 
include  a  number  of  standard  products  and  special  products 
for  internal  system  calibration  support.  Table  III  lists  the 
characteristics  of  these  ScanSAR  data  products. 

The  Phase  1  prototype  processor  is  cohosted  with  the  CP 
and  RDS  subsystems  on  an  SGI  Challenge  XL  computer  with 
four  MIPS  R4400  CPUs  and  256  MB  RAM  (Fig.  5). 
Processing  control  is  initiated  by  the  CP  in  accordance  with  a 
client-server  model.  The  ScanSAR  processing  algorithm 


Fig.  5.  CP,  RDS,  SSP- 1  System  Configuration 


capitalizes  on  the  burst  nature  of  the  data  by  processing  one 
burst  at  a  time  [7-12].  Each  burst  is  first  range-compressed 
using  an  FFT  correlation  approach.  The  resulting  data  burst 
is  then  corner-turned  followed  by  azimuth  processing,  which 
utilizes  an  efficient  deramp-FFT  algorithm.  The  resulting 
burst  is  then  geometrically  rectified  and  radiometrically 
compensated.  At  this  point,  data  from  adjacent  bursts  are 
merged  and  averaged  into  a  final  multi-look  image  before  a 
projection  process  is  applied  to  form  the  final  ScanSAR 
image  product. 

For  Phase  2,  three  IBM  SP-2  mini-supercomputers,  two 
equipped  with  8  processing  nodes  and  one  with  4  nodes,  are 
being  used  [13].  Each  SP-2  is  expected  to  operate 
independently  as  a  server  to  the  CP,  processing  upward  of  17 
minutes  of  ScanSAR  data  in  an  11-hour  day.  The  SP-2  is  a 
distributed-memory  machine  well  suited  for  the  burst-mode 
nature  of  the  ScanSAR  data  and  its  processing  algorithm, 
with  each  processing  node  handling  integral  data  bursts 
efficiently  without  the  need  for  frequent  I/O.  The  Phase  2 
processors  will  inherit  the  core  processing  code  from  the 
prototype  unit  with  massive  parallelization  employed  to 
achieve  high  throughput.  The  SSP-2  platform  configuration 
is  depicted  in  Fig.  6. 

Precision  Processor  (PP) 

The  main  function  of  the  PP  is  to  provide  a  processing 
capability  to  handle  the  RADARSAT  special  beam  mode 


Table  III 

RADARSAT  ScanSAR  Product  Specification 


PRODUCT 

Number 

of 

Looks 

Pixel  Spacing 
(Resolution) 
(m) 

Pixel 

Format 

Swath 

(km) 

Standard  - 
Geocoded 

8-28 

50/100/400 

(75/150/600) 

Byte 

Amplitude 

500/300 

Standard  - 
Terrain - 
Corrected 

8-28 

50/100/400 

(75/150/600) 

Byte 

Amplitude 

500/300 

Special  - 
Single-look 

1 

100 

(150) 

Byte 

Amplitude 

150 

Special  - 
Multi-look 

8-28 

100 

(150) 

Byte 

Amplitude 

500/300 

Fig.  6.  SSP-2  System  Configuration 
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data.  It  is  also  designed  to  be  flexible  so  that  modern  SAR 
processing  algorithm  technology  can  be  implemented 
efficiently  with  relative  ease.  Current  throughput  is  expected 
to  be  on  the  order  of  processing  5  minutes  of  nominal  100- 
km  swath  strip-mode  data  per  5-hour  day. 

The  PPs  are  being  cohosted  on  the  same  IBM  SP-2s  used 
for  processing  ScanSAR  data  (Fig.  6).  It  is  expected  that 
each  8-node  SP-2  will  be  capable  of  processing  2.5  minutes 
of  data  in  5  hours. 

Raw  Data  Scanner  (RDS) 

The  main  function  of  the  RDS  is  to  deformat  and  decode 
raw  signal  and  ancillary  (ephemeris  and  engineering)  data 
that  are  embedded  in  the  high-rate  data  stream  from  each 
satellite.  The  decoded  SAR  signal  data  and  ancillary  data  are 
then  fed  to  either  the  SSP  or  the  PP  for  image  generation. 
(Recall  that  the  ASP  has  its  own  raw  data  decoding  and 
scanning  capability.)  A  second  function  of  the  RDS  is  to 
provide  an  efficient  scanning  capability  to  determine  how 
much  of  the  downlinked  data  can  actually  be  processed  into 
image  products.  The  RDS  is  expected  to  scan  200  minutes  of 
data  and  supply  the  SSP  and  PP  with  47  minutes  of 
deformatted  and  decoded  data  during  each  16-hour  day. 

The  RDS  software  is  hosted  on  the  same  SGI  Challenge 
platform  as  the  SSP-1  software  (Fig.  5).  An  Ampex  VME 
interface  has  been  included  to  provide  access  to  the  Ampex 
DCRSi  HDDRs  at  the  RSS.  The  RDS  software  has  been 
implemented  as  a  single  multithreaded  application  capable  of 
taking  its  input  from  either  DCRSi  tape  or  from  disk. 

Control  Processor  (CP) 

The  main  function  of  the  CP  is  to  provide  overall  control 
of  all  the  other  SPS  subsystems  through  a  single  operator 
interface.  This  interface  allows  the  SPS  operator  to  initialize 
and  shut  down  the  various  subsystems  without  having  to 
physically  log  onto  each  subsystem's  host  platform.  The  CP 
has  been  designed  to  automate  the  SAR  processing  to  the 
greatest  extent  possible.  Incoming  jobs  from  the  PPS  are 
automatically  routed  to  the  appropriate  subsystem  or 
subsystems  and  completed  image  products  are  delivered  to 
the  IMS/DADS  subsystems,  with  minimal  intervention 
required  from  the  operator.  The  CP  also  hosts  the  image  data 
quality  control  functions  for  the  SPS,  providing  the  ability  to 
check  completed  products  at  a  centralized  location  prior  to 
delivery. 

The  main  part  of  the  CP  software  shares  the  SGI 
Challenge  XL  with  the  RDS  (Fig.  5).  A  DigiData  Z9000 
RAID-3  subsystem  with  128  GB  of  storage  serves  as 
temporary  local  storage  for  the  deformatted  data  files  used  by 
the  SSP  and  PP  and  for  the  completed  image  products  prior 
to  their  delivery  to  the  IMS/DADS.  To  better  enable  fast 
transfer  of  large  volumes  of  data  within  the  SPS  and  to  the 
DADS,  the  SGI  utilizes  two  separate  FDDI  connections.  The 
main  application  is  a  multithreaded  program  that  manages  the 
various  processing  jobs  within  the  SPS  and  allows  the 
operator  to  monitor  and  control  the  processing  through  an 


X/Motif  GUI.  Multiple  threads  of  execution  allow  parallel 
processing  of  X  events  and  input  and  output  messages  to  and 
from  the  subsystems  that  interface  with  the  CP.  The  other 
CP  applications  are  used  for  the  quality  control  functions  and 
for  interfacing  with  the  PPS  and  IMS/DADS  subsystems. 
These  applications  also  utilize  X/Motif  GUIs  and/or  threads 
as  appropriate. 


SUMMARY  AND  STATUS 

This  paper  has  provided  a  comprehensive  overview  of  the 
new  SAR  Processing  System  at  ASF,  with  special  emphasis 
on  its  processing  capabilities  and  accommodation  of  the 
various  operating  modes  of  RADARS  AT.  The  various  SPS 
subsystems  have  been  undergoing  testing  using  test  data 
modified  from  SIR-C  as  well  as  test  data  sets  supplied  by  the 
Canadian  Space  Agency.  The  new  ASF  SPS  is  approaching 
a  major  delivery  to  ASF  in  the  summer  of  1996.  By  then  all 
SPS  subsystems  and  capabilities  described  in  this  paper  will 
be  operational  except  for  the  Precision  Processor,  which  is  to 
be  delivered  in  November  1996. 
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Abstract  -  In  this  paper,  we  examine  radar  speckle  from  a 
non-traditional  perspective.  Instead  of  viewing  radar  speckle 
as  noise,  we  attempt  to  assess  the  information  content  of 
radar  speckle.  A  speckle  identification  algorithm  is 
developed  to  separate  speckle  from  pixels  of  "normal" 
returns.  The  relationships  between  land  cover  types  and  the 
density  and  roughness  of  speckle  are  examined. 

INTRODUCTION 

The  presence  of  speckle  in  an  image  reduces  the 
detectability  of  ground  targets,  obscures  the  spatial  patterns 
of  surface  features,  and  decreases  the  accuracy  of  automated 
image  classification.  In  digital  image  processing  and  visual 
image  interpretation,  radar  speckle  has  been  conventionally 
considered  as  disturbing  noise.  Arsenault  and  April[l] 
analyzed  the  information  content  of  images  degraded  by 
speckle  noise  and  found  that  speckle  seriously  decreased  the 
information  content.  Many  studies[2,3]  have  been  carried  out 
to  design  filters  for  suppressing  the  so-called  "speckle  noise". 

However,  from  the  physical  point  of  view,  speckle  is  the 
result  of  interactions  between  scatterers  inside  a  pixel  at  the 
subpixel  level.  Therefore,  the  speckle  pattern  should  reflect 
the  conditions  of  ground  surface.  From  this  perspective, 
speckle  should  also  contain  some  meaningful  messages  about 
ground  targets.  So  far,  however,  very  little  is  known  about 
the  kind  and  amount  of  information  that  can  be  extracted 
from  analyzing  speckle  pattern.  Hoekman[4]  tried  to  extract 
subpixel  spatial  information  over  forested  areas  from  SLAR 
data  by  analyzing  the  power  density  spectrum  of  speckle. 
This  paper  presents  some  preliminary  results  of  our  attempt 
in  examining  the  relationship  between  landcover  types  and 
radar  image  speckle  patterns. 


ORIGIN  OF  RADAR  SPECKLE 

With  the  development  of  laser  technology,  a  lot  of 
research[5,6,7,8]  has  been  done  on  laser  speckle  since  the 
early  1960’s.  Goodman[5]  elaborated  eloquently  the  theory  of 
laser  speckle  from  the  view  of  physics.  Radar  speckle  has 
similar  properties  as  laser  speckle.  Goodman’s  laser  speckle 
theory  has  been  applied  to  describe  radar  speckle[9,10]. 
Radar  speckle  arises  from  coherent  scattering  of  a  number  of 
random  scatterers  within  each  pixel.  The  waves  emitted  by 
active  sensors  travel  in  phase  and  interact  minimally  on  their 
way  to  the  target  area.  After  interacting  with  surface  objects, 


these  waves  are  no  longer  in  phase.  Once  out  of  phase,  radar 
echoes  interfere  either  constructively  or  destructively  to 
produce  light  and  dark  pixels  known  as  speckle.  It  is  known 
that  radar  speckle  is  multiplicative, 

(1) 

where  ij  are  the  row  and  column  number;  Rij  is  the  recorded 
value  of  radar  return;  ROij  is  the  real  value  without  coherent 
interference;  SPij  is  the  speckle  factor. 

In  general,  speckle  patterns  depend  both  on  the  coherence 
of  the  incident  signal  and  the  detailed  properties  of  the 
random  surface.  Dainty[6]  pointed  out  that  the  most  obvious 
application  of  speckle  analysis  was  to  the  measurement  of 
surface  roughness.  For  a  given  radar  system,  the  incident 
signal  can  be  considered  constant  in  each  image.  The  speckle 
pattern  is  produced  by  coherent  interference  of  random 
scatterers  on  a  rough  surface.  Thus,  it  should  reflect  the 
properties  of  ground  targets.  For  example,  the  SIR-C/X-S  AR 
system  has  three  bands  at  a  ground  sampling  resolution  of 
30m.  Natural  surface  is  so  complicated  that  one  pixel  is 
generally  a  mixture  of  different  landcovers  at  subpixel  level. 
Even  for  a  pixel  of  macroscopically  uniform  landcover,  it 
includes  numerous  individual  objects  such  as  trees,  grass, 
soil  particles,  etc.  The  objects  are  oriented  in  different  ways 
and  have  different  physical  properties.  The  constructive  and 
destructive  interference  of  returns  from  these  objects 
generates  the  salt  and  pepper  appearance  of  radar  images. 


IDENTIFICATION  OF  SPECKLE 

In  order  to  analyze  speckle  pattern,  speckled  pixels  must 
be  distinguished  from  those  normal  pixels.  Radar  speckle  has 
a  unique  property  that  a  speckled  pixel  is  very  different  from 
its  neighbors.  It  has  much  higher  or  lower  brightness  value 
than  its  neighboring  pixels.  Speckle  is  commonly  shown  as 
isolated  pixel.  On  the  other  hand,  features  usually  distribute 
in  a  linear  or  block  pattern  with  several  pixels  together. 

The  median  filter  uses  the  median  value  and  eliminates 
the  higher  and  lower  values  in  the  moving  window,  which 
likely  correspond  to  the  bright  and  dark  speckles.  Thus,  the 
median  filter  can  be  considered  as  a  speckle-suppressing 
filter[ll].  The  visual  inspection  of  radar  images  seems  to 
indicate  that  bright  speckle  and  dark  speckle  display  quite 
different  patterns.  As  a  result,  they  are  considered  separately. 

Based  on  the  above  considerations,  an  algorithm  was 
developed  for  identifying  radar  speckle.  First,  signal- 
dependent  multiplicative  speckle  can  be  converted  to 
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additive  signal-independent  terms  by  using  logarithmic 
transformation,  that  is, 

(2) 

Four  directional  subwindows  in  a  3x3  moving  window  (see 
Fig.  1)  are  then  taken  for  the  purpose  of  distinguishing 
speckle  from  features.  The  median  value  Med(Wink)  is  used 
as  the  estimation  of  normal  radar  return  in  the  ^h 
subwindow. 

The  algorithm  is  as  follows: 

MMin=0,0 
for  (k=f  4) 

{  MMin=Min(MMin,  abs(Vij  -med(Wink))) 
index=k  ) 

if  Vij  -med(Winindex)>0, 0 
{  Bright_Speckleij=l } 
else  { if  Vij  -med(Winindex)<0.0 
{Dark^Speckkij-l } 
else  {  Bright JSpeckkij^O 
Dark__  Speckle ij=0  }} 

By  using  this  algorithm,  both  bright  speckle  and  dark 
speckle  are  converted  to  0-1  images. 


SPECKLE  PATTERN  ANALYSIS 


It  becomes  possible  to  analyze  the  relationship  between  the 
speckle  patterns  and  landcover  types  after  speckle 
identification.  In  this  preliminary  study,  speckle  density  and 
speckle  roughness  are  characterized  for  some  selected 
uniform  areas  of  different  landcover  types. 

1.  Speckle  Density: 

For  each  area,  speckle  density  is  defined  as  the  ratio  of  the 


number  of  speckled  pixels  to  the  total  number  of  pixels  in  the 

area.  For  bright  speckle,  dark  speckle  and 
density,  we  have 

total  speckle 

Bright  Density  , 

Y,  pixel  €  parcel 

(3) 

^  ^  .  y  Dark  Speckle  e  parcel 

Dark_Density  -  — - - - - , 

Y  pixel  €  parcel 

(4) 

Speckle_Density=Bright_Density+Dark_Density. 

2.  Speckle  Roughness: 

(5) 

The  standard  deviation  of  speckle  value  is  used  to  derive 
the  speckle  roughness  in  each  area: 


Roughness  = 


(6) 


where  n  is  the  number  of  speckles  in  the  area;  R,  is  the 
speckled  radar  value;  R  is  the  mean  of  speckled  pixel  values. 


Winl  Win2  Win3  Win4 

Figl.  Four  Subwindows  in  a  3x3  Neighborhood 


A  CASE  STUDY 


The  L-band  radar  image  of  Flevoland,  the  Netherlands, 
acquired  by  the  SIR-C/X-SAR  system  on  April  14, 1994,  was 
used  for  our  study.  A  subimage  (600x700)  was  clipped, 
where  six  categories  of  landuse  are  identified:  built-up  area 
(City  of  Harderwijk  and  Zeewolde  town),  canal,  arable  land, 
meadow,  meadow  with  poplar,  and  forest. 

In  order  to  analyze  the  speckle  patterns  of  different 
landuse  categories,  areas  of  homogeneous  landuse  were 
delineated  on  the  computer  screen  with  the  support  of  the 
local  landuse  map.  The  digitized  parcels  are  shown  in  Fig.2, 


Fig.  2  Landuse  Map  of  Selected  Areas 


The  above  speckle  identification  algorithm  was  carried  out 
on  this  image.  The  identified  bright  speckle  map  is  shown  in 
Fig  .3.  The  speckle  density  and  roughness  for  areas  of 
different  landuse  are  shown  in  Tab.  2  and  Tab.  3. 


Fig  3  Bright  Speckle  Map 
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Tab.l  Landuse  Type  of  Digitized  Parcels 


Landuse  Code 

Landuse  Type 

Parcel  No. 

1 

built-up  area 

1,7 

2 

water 

2 

3 

arable  area 

4,  5,  6, 9,  12 

4 

meadow 

3,  15 

5 

meadow  with  poplar 

17 

6 

fcffest 

14,  16 

Tab.  2  SpecMe  Density  of  Selected  Parcels 


Landuse 

Code 

Parcel  No. 

Speckle 

Density 

Bright 

Density 

Dark 

Density 

Bright _  Density 

Dark_  Density 

1 

1 

0.168 

0.026 

0.142 

0.183 

1 

7 

0.203 

0.057 

0.146 

0.390 

2 

2 

0.291 

0.119 

0.172 

0.692 

3 

4 

0.292 

0.112 

0.180 

0.622 

3 

5 

0.286 

0.103 

0.183 

0.563 

3 

6 

0.285 

0.111 

0.174 

0.638 

3 

9 

0.278 

0.102 

0.176 

0.580 

3 

12 

0.273 

0.102 

0.170 

0.600 

4 

3 

0.217 

0.099 

0.118 

0.839 

4 

15 

0.270 

0.101 

0.169 

0.598 

5 

17 

0.193 

0.039 

0.154 

0.253 

6 

14 

0.151 

0.012 

0.139 

0.086 

6 

16 

0.135 

0.005 

0.130 

0.038 

Tab.  3  Speckle  Roughness  of  Selected  Parcels 


Landuse 

Code 

Parcel  No. 

Bright  Speckle 
Mean  Roughness 

Dark  Speckle 
Mean  Roughness 

1 

1 

212.925 

43.310 

154.828 

53.502 

1 

7 

215.943 

26.865 

116.419 

55.069 

2 

2 

61.421 

26.865 

7.706 

10.571 

3 

4 

165.422 

32.439 

83.601 

33.860 

3 

5 

173.583 

35.528 

92.026 

31.253 

3 

6 

139.811 

35.462 

44.265 

29.228 

3 

9 

167.454 

33.912 

88.491 

32.197 

3 

12 

197.625 

35.897 

112.181 

34.868 

4 

3 

60.671 

52.799 

12.310 

15.188 

4 

15 

72.630 

39.897 

13.882 

26.368 

5 

17 

219.000 

36.530 

115.667 

42.441 

6 

14 

220.068 

26.578 

184.131 

37.798 

6 

16 

217.000 

25.910 

202.663 

39.203 

The  speckle  density  of  forested  areas  is  quite  different 
from  the  others,  while  it  is  not  easy  to  separate  built-up  area 
from  meadow  with  poplar,  meadow  from  water  and  arable 
area.  However,  all  these  overlapping  categories  can  be 
distinguished  by  their  properties  in  speckle  mean  and 
roughness. 


between  speckle  patterns  and  landcover  types  shows  that 
there  is  some  information  content  in  radar  speckle.  If  we 
only  treat  speckle  as  noise,  some  useful  information  may  be 
lost.  Further  research  is  needed  to  develop  techniques  for 
speckle  identification  and  speckle  characterization. 
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CONCLUSION 

Radar  speckle  patterns  are  related  to  the  interactions 
between  radar  signal  and  land  surface.  The  close  relationship 
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Abstract  -One-bit  coded  processing  of  SAR  data  is  revisited. 
Quantitative  results  on  rei  data  are  discussed. 

INTRODUCTION 

Active  microwave  systems  are  powerful  tools  to  observe 
the  Earth.  Among  them  the  Synthetic  Aperture  Radar  (SAR), 
an  high-resolution  active  microwave  system,  has  demon¬ 
strated  its  ability  to  detect  important  natural  features  [1]. 

Spacebome  SAR  systems  have  on-board  hardware 
consisting  of  a  transmitting  unit  with  analog-to-digital 
(A/D)  converter,  usually  coded  at  4-8  bits,  followed  by  a 
realtime  downlink  with  a  high  data  rate  to  the  Earth  station 
where  processing  is  performed.  The  data  rate  is  proportional 
to  the  pulse  repetition  frequency  (PRF),  to  the  sampling  rate 
for  each  received  pulse,  and  to  the  number  of  quantization 
bits  for  each  sample  [1].  There  are  some  possibilities  to 
reduce  the  data  rate,  but  these  will  deteriorate  the  system 
performance.  A  reduction  of  PRF  will  increase  azimuth 
ambiguities  unless  a  longer  azimuth  antenna  is  used  but  the 
azimuth  resolution  would  be  degraded.  A  reduction  of  the 
system  bandwidth  will  decrease  the  range  resolution. 

Within  such  a  framework,  the  ability  to  benefit  of  raw  data 
bit  rate  reduction  is  matter  of  great  relevance.  One-bit  coding 
is  a  very  attractive  technique  in  SAR  applications  [2], 
because  it  drastically  alleviates  transmission  problems  from 
space  to  ground  station.  But  there  is  another  important 
reason  why  this  technique  is  worth  of  extensive  exploration 
and  experimentation:  provided  that  all  the  processing  is 
performed  at  one-bit,  convolution  can  be  implemented  by 
using  only  phase-shifters  and  adders,  i.  e.,  with  a  robust  and 
inexpensive  hardware.  In  addition,  convolution  can  be 
performed  in  time-domain,  [3]  and  real  time  operations  are 
attainable  with  today's  technology,  using  a  lightweight 
processor  of  limited  power  consumption.  This  is  a  first  step 
in  the  direction  of  on-board  processing. 

It  is  evident  that  one-bit  coding  generates  images  of 
degraded  quality  compared  to  those  obtained  by  using  the 
conventional  4-8  bits.  However,  degradation  may  be 
acceptable  in  view  of  other  benefits  or  requierements. 
Accordingly,  a  trade-off  between  image  quality  and 
complexity  of  data  compression  algorithm  is  an  important 
point  in  SAR  system  design.  Also,  it  may  be  surmised  that 
one-bit  operation  can  be  optimized  in  order  to  limit  its 
inherent  deficiencies.  The  starting  point  of  such  effort  is  the 
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developement  of  a  very  accurate  model  for  one-bit  operations, 
explicitly  accounting  for  both  raw  signal  and  reference 
function  hard-limiting. 

We  present  suggestions  to  improve  one-bit  processing.  We 
make  reference  to  two-dimensional  processing,  which  is 
inherently  superior  to  the  conventional  range-doppler 
approach  and  is  crucial  in  the  proposed  one-bit  procedure. 
Possible  improvements  are  all  based  on  the  elimination  of 
unwanted  signal  components  in  the  one-bit  coded  reference 
{reference  sterilization). 


SIGNUM  CODED  SAR  THEORY 
Consider  a  transmitted  chirped  pulse. 


fj^{f)  =  bexp\ 


rect 

[y  2  )\ 

_x_ 

(1) 


which  is  backscattered  by  the  illuminated  scene  and  generates 
the  received  segnal  f{t),  t  being  the  retarded  time.  This  is 
decomposed  in  the  sum  of  the  desired  signal,  i.e.,  the  one 
scattered  by  the  target  (the  considered  pixel  in  SAR 
applications),  and  all  other  returns,  i.e.,  the  superposition  of 
all  the  signals  backscattered  by  all  other  targets. 


fit)  a  exp 


K  2  Jj 

rect 

_T_ 

+  Uj{t)-hiuQit)  = 


(2) 


=//(0  +  //e(r) 

Real  and  imaginary  part  of  the  signal /(O,  eq.(2),  are  passed 
through  a  hard-limiter,  thus  generating  the  hard-limited  signal 
(HLS): 

hit)  =  sgn[/';(r)]  + 1 sgn[/g (r)]  = 


+  iA®(0cos 


.  or  2 
n  (ot  +—t 
2 


I  *  or  2  ^ 

n\  +  — r - 

2  2 


(3) 


wherein  €o=l  and  e^=l  for  n^O.By  using  results  of  Ref  [4] 
we  have: 


f  (0  =  j  _  ^J„  (a^)  exp[;4«,g  (r)]  = 
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The  n=l  term  provides  the  wanted  signal;  elimination  of  the 
others  is  desirable. 

Consider  the  additiional  reference  function: 


w 


,(f)  =  exp|^ijjw(r)  (8) 


where  J„(  )  is  the  n-th  order  Bessel  function.  For  n=0,  we 
get: 

[msgn[tt,g(0]  ,|«,,e(0|>fl 


whose  hard-limited  expression  is  readily  obtained  from 
eq.(3): 


2/ sin" 


,|M,g(0|<a 


(5)  g3(t)  =  -^rect  ^  ^i"|j5'„cos  + 


Superposition  of  all  the  series  terms  (3)  reconstruct  the 
HLS.  The  term  n=0  is  a  smoothed  version  of  the  final  hard- 
limited  signal;  the  successive  terms,  /2;(0,  h2it), appear  in 
the  form  of  narrow  spikes,  if  |w/,e(0|»^  for  niost  of  the 
time,  and  their  superposition  reconstructs  the  switch  sharp  of 
the  HLS  arround  a  zero. 

The  same  hard-limiting  operation  is  performed  also  on  the 
reference  function 


«=i 
n  odd 


.(9) 
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w{t)  =  exp 
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rect  =  w,(0  +  JWg(r).  (6) 


The  hard-limited  one,  g(t)  exhibits  the  same  formal  expres¬ 
sion  of  eq.(3)  with  eq.(4)  substituted  by 


fornodd 

n 

0 ,  forneven 


(7) 


and  b;®  =  0. 

Convolution  between  the  raw  and  reference  HLSs  is  in 
order  by  using  the  pertinet  series  expansions.  Only  terms 
with  equal  indexes  are  focused  and  dominante  the  other  ones. 


The  new  reference  function  g(0  +  ^3(0  is  free  of  its  third 
order  component  while  the  fundamental  one  is  multiplied  by 
a  constant  factor.  Accordinly,  the  n-3  term  desappears  in  the 
convolution.  We  refer  to  this  procedure  as  reference  function 
sterilization.  It  is  noted  that  one-bit  processing  can  be 
implemented  by  convolving  the  raw  HLS  with  the  two 
reference  HLSs  along  two  parallel  channels. 

RESULTS 

In  this  Section  we  present  experimental  results  which 
implement  reference  HLS  sterilization.  ERS-1  data  are  used 
relative  to  Mt.  Etna  (Sicily,  Italy)  site.  Original  raw  data 
coded  at  5  bits  have  been  recoded  for  our  purpuse. 

Four  experiments  have  been  performed:  raw  HLS  and 
refercence  HLS  without  (case  I)  and  with  sterilization  (case 
II);  raw  HLS  and  conventional  reference  signal  (case  III); 
conventional  raw  and  reference  signals  (case  IV).  The 
correspondent  images  are  presented  in  Fig.l. 


Fig.  I:  Processed  images  of  Mount  Etna  for  the  four  cases  /  to  IV  fro  left  to  right. 
Boxes  in  the  last  picture  are  examined  in  Fig.  2  and  3. 
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Visual  inspection  of  the  immages  allows  only  a  qualitative 
assessment  of  their  similarity;  qualitative  estimates  are 
desirable. 

Normalized  moments  of  two  different  areas  of  200x400 
pixels  are  reported  in  Fig.2.  The  two  chosen  areas  are 
indicated  in  Fig.l  and  are  relative  to  an  uniform  and  a  non 
uniform  site.  In  the  first  site  (A)  the  statistics  is  clearly 
Rayleigh,  and  coincident  for  all  the  cases;  on  the  contrary, 
some  differences  arise  with  reference  to  the  other  site  (B). 
However,  these  differemces  are  not  substantial. 

In  addition  to  this  first  order  statistical  test,  we  also 
performed  a  second  order  one,  computing  the  autocorelation 
of  several  patches  for  each  image:  the  corresponding  curves 
are  practically  coincident,  showing  that  the  geometrical 
resolution  is  not  impaired. 

An  interesting  test  is  the  “similiarity”  between  the  images. 
Letting  s,s  the  reference  and  test  images,  respectivevely,  an 
estimate  of  their  similiarity  is  [5]: 

P=  I  .  (10) 

VE{IWI}E{||f 

This,  however,  requires  an  appropriate  amplitude 
normalization  of  s  because  it  is  normalized  to  its  mean 
square  deviation.  If  the  latter  is  multiplied  by  the  factor 


Re[E(w')] 

■^(MT 


(11) 


the  similarity  index,  eq.(lO),  is  minimized.  The  normalized 
histogram  of  Re[5’~.v]  is  depicted  in  Fig. 3  for  test  cases  I; 
11;  III  comparied  to  the  conventional  image  (case  IV).  The 
corresponding  values  of  p  are  equal  to  0.52,  0.42, 0.34. 


CONCLUSIONS 

In  this  paper  we  presented  a  comparison  between 
processing  of  one-bit  coded  raw  signal  with  three  different 
reference  functions.  We  can  conclude  that  geometrical 
resolution  is  not  impared  and  that  the  first  order  statistics  are 
marginally  different.  Similarity  between  I  (and  Q)  channels 
processed  data  shows  that  the  sterilization  of  the  filter 
function  is  beneficial.  This  result  may  be  relevant  for 
interferometric  application,  a  point  that  is  worth  of  further 
study  (phase  iM*eserving  procedure). 

Further  effort  is  needed  along  two  research  lines.  First  of 
all,  the  raw  HLS  generates  images  that  are  normalized  to  their 
square  mean  deviation,  a  space  varying  quantity.  Then,  raw 
data  sampling  generates  replicas  of  n>l,  within  the 
h}{t)  bandwidth.  Both  problems  are  under  study  and 
solutions  are  being  experimented. 


REFERENCES 

[1]  J.  C.  Curlander,  R.  N.  McDonough,  Synthetic 
Aperture  Radar:  Systems  and  Signal  Processing,  New 
York,:  John  Wiley,  1991. 


[2] 

[3] 

[4] 

[5] 


G.  Franceschetti,  V.  Pascazio,  G.  Schirinzi, 
"Processing  of  signum  coded  SAR  signal:  theory  and 
experiments",  Proc,  lEE  F,  Commun.,  Radar  & 
Signal  Process.,  1991, 138,  (3)  pp.  192-198. 

G.  Alberti,  G.  Franceschetti,  V.  Pascazio,  G.  Schirinzi, 
"Time-domine  convolution  of  one-bit  coded  radar 
signals",  Proc.  lEE  F,  Commun.,  Radar  &  Signal 
Process.,  1991, 138,  (5)  pp.  438-4^4. 

I.  Gradshteyn,  I.  M.  Rizhik,  Tables  of  integrals, 
series  and  products,  Academic  Press,  1980,  p.  743, 
n.6.693.1 


B.  S.  Steinberg,  “A  theory  on  the  effect  of  hard 
limiting  and  other  distortions  upon  the  quality  of  the 
microwave  images”,  IEEE  Trans.  Acoustics,  Speech, 
andSig.  Proc.,  ASSP-35(10),  1987,  pp.  1462-1472. 


2 

2 


A 


B 


Order 


Fig.2:  Normalized  moments  for  two  sites  of  the  images. 
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Fig.  3:  Histogram  of  Re[5  -  5]  for  site  A. 
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ABSTRACT 

This  paper  examines  the  conditions  necessary  to  preserve 
damped  exponentials  in  synthetic  aperture  radar  (SAR) 
phase  histories.  A  small  number  of  2-D  damped  exponen¬ 
tials  can  model  SAR  data  when  the  radar  return  is  due 
to  a  few  point  scatterers.  Error  in  parametric  estimation 
of  the  exponential  parameters  results  from  the  method 
of  data  collection,  spotlight  SAR  or  radar  chamber  mea¬ 
surement.  This  error  is  quantified  and  compared  to  the 
estimation  bound  (Cramer- Rao),  Methods  to  reduce  this 
error  and  preserve  true  point  scatterer  locations  are  suc¬ 
cessfully  applied.  Also,  a  fast  method  of  focusing  SAR 
data  to  the  point  scatterer  locations  is  developed. 

1.  INTRODUCTION 

A  spatial  (k  =[  kj,  ky  ]^)  and  temporal  frequency  (cj) 
domain  analysis  of  Synthetic  Aperture  Radar  (SAR)  data 
collection  shows  that  SAR  data  may  be  used  directly  in 
exponential  estimation  algorithms  with  the  addition  of  an 
interpolation  step.  In  this  interpolation  step,  the  k— a;  do¬ 
main  data  or  phase  history  is  transformed  from  the  sam¬ 
pling  grid  on  which  it  was  attained  (polar  for  chamber 
data,  or  polar-linear  for  airborne  data)  to  a  rectangular 
grid.  This  interpolation  step  may  be  skipped  provided 
the  k  —  w  domain  data  are  collected  on  a  grid  that  is  very 
nearly  rectangular.  The  error  induced  by  this  approxi¬ 
mation  is  examined  later.  Exponential  estimation  tech¬ 
niques  model  SAR  data  directly;  thus  any  modification 
of  the  data  will  degrade  the  estimates.  The  use  of  filter 
windows,  zero-padding,  or  inappropriate  means  of  fitting 
the  k  —  a;  domain  data  to  a  rectangular  grid  significantly 
degrades  the  performance  of  estimation  techniques. 

SAR  data  collection  is  modeled  here  in  a  two-dimensional 
perspective  as  shown  in  Figure  1.  In  airborne  SAR  data  is 
collected  by  spotlighting  a  ground  target  location.  For  a 
linear  flight  path,  the  collection  geometry  involves  a  line 
(the  flight  path)  and  a  non-colinear  point  (the  target). 
The  collection  occurs  entirely  in  the  plane  represented  by 
the  point  and  the  line.  The  target  signature  collected  is  in 
a  view  orthogonal  to  this  plane.  The  spectrum  of  received 


oc  (v'4fe2  _  *2^  ku),  (1) 

where  {xa.Va)  is  the  center  of  the  synthetic  aperture, 
k  =  ^  where  c  is  the  wave  propagation  speed,  ku  =  ky  , 
and  F  is  the  2-D  Fourier  transform  of  the  target  reflec¬ 
tivity  function  f{x,y).  Equation  1  reduces  the  problem 
of  calculating  /(x^y)  to  interpolating  the  data  samples 
collected  in  the  (fc,  k^)  domain  to  the  {k^,  ky)  domain. 

2  fitting  the  EXPONENTIAL  MODEL 

When  the  target  f{x^y)  consists  of  point  scatterers  the 
phase  history  F{kx,  ky)  consists  of  exponentials  with  damp¬ 
ing  to  account  for  wave  divergence.  The  difficulty  in  ap¬ 
plying  this  model  lies  in  the  sampling.  When  samples  are 
taken  uniformly  in  u  the  samples  are  not  uniform  in  kx) 
and  when  the  flight  path  is  circular  (chamber  data),  the 
samples  are  on  a  polar  grid  in  the  {kxjky)  plane.  The  sam¬ 
pling  grid  for  the  airborne  and  chamber  cases  are  plotted 
in  Figures  2.  Interpolation  must  be  performed  between 
the  data  sampling  grid  and  the  rectangular  grid  needed 
to  estimate  damped  exponential  parameters.  Focusing 
methods  assume  that  a  point  scatter  at  each  pixel  and  im¬ 
posing  a  point  spread  function  on  the  data  which  degrades 
parametric  estimation  methods.  Inappropriate  means  of 
interpolating  a  SAR  image  such  as  the  zero-padding  in  X- 
PATCH  data  also  destroy  the  performance  of  exponential 
estimation  techniques  [4].  This  leaves  three  solutions:  1) 
collect  data  on  an  almost  rectangular  grid,  2)  interpolate 
the  data,  3)  estimate  from  nonuniform  data. 
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2.1.  Rectangular  Assumption 

The  rectangular  assumption  has  been  used  in  exponential 
estimation  of  SAR  data  [1].  The  error  incurred  by  using 
the  polar  or  polar-rectangular  grid  data  directly  is  deter¬ 
mined  by  examining  the  deviation  of  these  grids  from  the 
rectangular  grid.  For  chamber  data  in  the  broadside  case 
(jp  =  0)  the  data  are  collected  at  angles  to  the  target 
0  e  [—06, 06],  at  frequencies  k  e  [^min,  ^max]- 

To  achieve  better  than  Fourier  resolution  each  sample, 
F{kn,0m)  n=l,...,N;m=l,...,M,  must  lie  in  a  sep¬ 
arate  cell  in  the  rectangular  grid.  If  the  first  sample  in  a 
row  is  lower  than  the  last  sample  of  the  previous  row  then 
resolution  of  a  scatterer  to  less  than  a  pixel  (Fourier  bin) 
is  not  possible.  This  occurs  first  in  top  row  of  samples 
when  krnin  <  ^^max  (pixel  boundary  condition). 

Frequency  estimation  accuracy  (scatterer  location)  is 
bounded  by  the  maximum  kx  or  ky  deviation  of  samples 
within  a  column  or  row  of  the  rectangular  grid.  This  error 
consists  of  two  orthogonal  components,  ej,,  and  ety-  The 
error  in  the  kx  direction  is  greatest  at  the  outer  ring  is 

Ck,  =  fcmax  COS  0®  -  fcmax  COS  06  =  fcmax(l  “  COS  06).  (2) 

The  error  in  the  y  direction  is  the  deviation  of  the  radial 
lines  from  parallel  beam  center  and  is 

Cky  =  l^max  sin  06  —  kmin  siu  0!>  =  (kmax  ~  ^min)  sin  06.  (3) 

The  maximum  error  is  then  the  maximum  of  these  errors. 
Airborne  SAR  is  regularly  sampled  in  the  ky  direction  and 
thus  contains  only  the  error  term. 

2.2.  Scattering  Center  Focus 

A  simple  form  of  interpolation,  phase-shifting  the  data 
to  a  rectangular  grid  is  described  below.  More  complex 
methods  of  interpolation  include  TD  and  2-D  Lagrange 
interpolation  polynomials  [2],  and  inverse  distance  [5]. 

F  can  be  written  as  2-D  damped  exponential  data  from 
p  point  scatterers  and  noise  W 


20  40  60  80  100  ^  120 
Figure  3:  Scattering  center  focus  (64  scattering  centers) 

where  the  Xi  and  7*  are  the  complex  spatial  frequencies 
and  the  5^  are  the  complex  amplitudes  of  the  scatterers 
and  W[n,m]  is  circular  white  Gaussian  noise.  Arranging 
F  in  an  A  X  M  matrix 


F  - 

gsh'^ 

+  w, 

(5) 

G  =  [  gi 

g2 

•••  gp 

]  gi  =  ’Fjv(Ai), 

(6) 
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diag([ 

Si  S2 

■  ®p  ] ) 

(7) 

II 

I12 

•  hp 

]  hi  =  'FM(Ti)i 

(8) 

’Fif(^) 

=  [1 

Z  Z2 

•••  z^  ]^. 

(9) 

This  model  assumes  that  the  data  are  sampled  on  a  rect¬ 
angular  grid.  A  reformulation  of  Equation  5  shows  how 
the  rectangular  grid  is  involved  in  the  model  and  how  it 
may  be  replaced  with  a  different  grid  to  reflect  the  data 
collection.  Consider,  a  2-D  damped  exponential  with  a 
single  mode  in  each  dimension.  The  matrix  form  may 
then  be  expressed  as  F  =  s*  0  7^^ 


"  1 

1  •• 

.  1 

■  1 

2  • 

■  M  ■ 
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2  • 

■  2 

,Y  = 
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2  • 

•  M 
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■  •  M  _ 

where  the  scalar  A*  taken  to  a  matrix  power  results  in  a 
matrix  of  the  same  size  with  elements  A^  where  Xfim  is 
the  element  of  X  and  0  represents  the  element-wise 

product  of  two  matrices.  X  and  Y  represent  the  coordi¬ 
nates  of  the  sampling  grid  on  which  the  data  is  taken.  To 
express  a  damped  exponential  which  is  sampled  with  a 
non-rectangular  grid,  simply  replace  the  matrices  X  and 
Y  with  the  rectangular  coordinates  of  that  grid.  In  multi- 
mode  case  F  =  ELi  ^  element  of  F  is 

p 

jp  _  \  ^  \^nm^y 

Fnm  —  /  li 

i=l 


=  £(s,Ar7r)A? 


H 


i=l 


F[n,rn]  =  Y^SiX'ij^  +  lY[n,m] 

i=l 


0  <  n  <  N  ~  I 
0  <  m  <  M  —  1. 


(4) 


The  damped  exponential  model  is  thus  distorted  at  each 
pixel  by  the  weighting  factors  (Af*”*  "7]'’*’"  p- 
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Normalized  En-or  In  Fitting  Rectangular  Qrtd 


numoer  . 

Figure  4:  Interpolation  error  (Chamber  Data) 

For  conversion  to  the  polar  grid  these  weights  are 
^kncos9rn-kr,yknsmem-0m^  Assume  that  the  AiandTi  are 

undamped  exponentials;  then  simply  ap¬ 

plies  a  phase  shift  to  each  term  Fnm  and  the  average  is 

+  Z7f»  (10) 

^  «=i 

Equation  10  is  easily  implemented  by  estimating  the  Af 
and  7j,  by  picking  the  brightest  pixels  in  the  image  and 
calculating  their  spatial  frequency.  Since  only  the  pixel  lo¬ 
cations  are  required,  the  DFT  of  F{kn,0m)  provides  good 
results.  This  method  also  provided  a  fast  means  of  im¬ 
proving  SAR  image  quality  when  2-D  interpolation  meth¬ 
ods  are  too  intensive.  Figure  3  shows  the  focusing  method 
on  chamber  data  of  a  C-29  aircraft. 

2,3.  1-D  and  2«D  Interpolation 

For  the  1-D  Lagrange  interpolation  polynomial,  the  kx  di¬ 
mension  for  chamber  data  was  interpolated.  An  order- iV 
interpolation  polynomial  was  formed  for  each  frequency 
then  evaluated  at  the  rectangular  grid  points.  The  most 
computationally  intensive  techniques  were  2-D.  The  in¬ 
verse  distance  method  used  the  2-D  gradient  to  interpo¬ 
late,  and  a  Lagrange  polynomial  interpolated  the  stacked 
columns  of  the  2-D  data.  An  image  of  two  point  sources 
was  sampled  on  an  ‘almost  rectangular’  polar  grid,  then 
interpolated  by  each  technique.  Figure  4  shows  the  en¬ 
ergy  loss  of  the  methods  as  measured  with  e  = 
using  the  F,  Frobenius  norm. 


Mean  Squared  Error  of  arg(gamma)  mode  1 


Meen  Squared  En-or  of  arg(gamma]  mode  1 


Degradation  away  from  the  CRB  is  observed  even  for 
this  small  8x8  snapshot.  The  ‘almost  rectangular’  as¬ 
sumption  fails  quickly.  When  the  sample  grid  is  greater 
than  32  x  32,  the  pixel  boundary  condition  is  violated. 
Each  of  the  interpolation  m<ahods  iiiiproves  the  perfor¬ 
mance  of  the  algorithms.  Figure  6  shows  that  scattering 
center  focus  enhances  estimation  performance. 
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1.  ABSTRACT 

Synthetic  aperture  radar  (SAR)  images  are  contaminated 
by  speckle  noise.  To  suppress  speckle,  N  lower  resolution 
images  (looks)  are  generated  and  averaged.  This  improves  the 
signal-to-speckle  noise  ratio  (SSNR)  by  a  factor  of  , 
assuming  that  the  corresponding  pixels  in  these  looks  have 
equal  mean  intensities.  In  practice  this  assumption  is  not 
always  valid  and  as  such  SSNR  is  degraded.  A  new  adaptive 
technique  that  replaces  the  conventionally  averaged  resultant 
pixel  with  one  of  the  N  available  pixels  is  found  to  produce 
better  SSNR  under  these  circumstances. 

II.  INTRODUCTION 

SAR  images  are  inherently  granular  in  appearance  due  to 
speckle  noise.  One  technique  of  speckle  suppression  involves 
the  use  of  post-image  formation  filters  and  is  known  as 
Image  Domain  Filtering  (IDF)  [1].  The  other  technique, 
known  as  Discrete  Mixed  Integration  (DM1),  divides  the 
azimuth  reference  function  in  either  the  time  or  frequency 
domain  into  N  discrete  contiguous  segments.  The  segments 
are  then  used  to  generate  N  lower  resolution  images  which  are 
incoherently  averaged  to  achieve  a  speckle-suppressed  image. 
Ideally,  this  latter  technique  is  able  to  achieve  an 
improvement  factor  of  Va  in  SSNR,  provided  that  the  mean 
intensity  in  each  look  is  equal.  In  practice,  the  mean 
intensities  of  the  different  looks  differ  due  to  the  non¬ 
uniformity  of  the  antenna  azimuthal  gain  pattern  and  the 
aspect  dependence  of  terrain  backscattering.  As  such,  SSNR 
improvement  is  often  lower  than  the  theoretical  value. 

As  an  illustration,  we  tabulate  the  mean  and  variance  of 
pixel  intensities  for  the  various  looks  of  a  homogeneous  patch 
in  an  ES AR  image  of  Oberpfaffenhofen,  Germany.  As  can  be 
seen,  the  means  of  the  different  looks  are  not  equal. 


Table  1  Mean  and  Variance  of  Pixel  Intensity  of  an 
uniform  area  in  the  various  single  looks  _ 


1st  Look 

2nd  Look 

3rd  Look 

4th  Look 

Mean 

Variance 

79 

1693 

89 

2210 

72 

1620 

65 

1142 

In  this  paper,  we  propose  a  new  speckle  suppression 
method,  known  as  Adaptive  Sampling  Technique  (AST), 
that  is  able  to  achieve  better  SSNR  over  that  of  conventional 
DMI. 
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111.  EVALUATION  OF  DMI  TECHNIQUE 

The  SSNR  used  to  quantify  the  improvement  in  speckle 
noise  reduction,  is  defined  as 

SSNR  =  E{x)l  £^(x)  =  E{x)/  ^Var{x)  (1) 

where  x  is  the  intensity  (square  of  amplitude)  of  a  pixel.  E(x) 
and  Var(x)  represents  the  expectation  and  the  variance  of  x 
respectively.  When  the  pixel  consists  of  many  scattering 
centres  distributed  over  a  rough  surface,  the  observed 
intensity  from  a  pixel  in  each  look  follows  an  exponential 
distribution  [2]  and  is  given  by 

where  x,  and  Pj  are  the  intensity  value  and  mean  intensity  in 

the  i*'^  look  respectively.  In  the  DMI  technique,  the  resujtant 
intensity  pixel  x  of  the  multiple  look  image  is  given  by 
N 

/=! 

From  (2)  and  (3)  the  SSNR  can  be  easily  evaluated  to  be 

ssm  =  ZP^ 

Fig.  1  shows  a  plot  of  achievable  SSNR  of  a  4-look  image 
i.e.  N  =  4  (using  DMI)  against  varying  mean  in  one  look 
when  the  other  3  looks  have  equal  unit  mean  i.e.  P3 

=  1 .  We  see  that  when  the  mean  intensity  in  each  look  is  the 
same  i.e.  P^  =  \,  the  SSNR  obtained  is  Vv.  However,  when 
the  mean  intensity  of  any  one  look  deviates,  SSNR  is 
reduced. 


Fig.  I:  Plot  of  SSNR  for  conventional  DMI  technique 
when  A  =  4  and  mean  intensities  P,  =  /’2  “ ^3  = 
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IV.  THE  SAMPLING  TECHNIQUE 

The  AST  is  derived  from  the  DMI  technique.  Unlike  DMI 
however,  it  adaptively  samples  one  of  the  N  available  single¬ 
look  pixel  intensities  as  its  resultant  pixel  value  (instead  of 
averaging  the  N  looks).  In  this  section,  we  shall  first  show 
(without  derivation)  the  different  probability  density 
functions  (pdf)  of  the  resultant  pixel  intensity,  due  to  different 
sampling  of  the  N  pixel  intensities  in  their  sorted  order. 
Subsequently,  we  make  comparisons  by  showing  plots  of  the 
achievable  SSNRs  based  on  the  different  sampling  criteria. 
For  coherency  in  discussion,  the  case  for  TV  =  4  is  presented. 


A,  Sample  maximum  intensity 

Let  Xi  be  the  resultant  pixel  intensity  employing  Replacement 
by  the  maximum  intensity  pixel  intensity  value 
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When  TV=  4,  the  pdf  is  given  by 
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B,  Sample  second  maximum  intensity 

Let  X2  be  the  resultant  pixel  intensity  due  to  sampling  the 
second  maximum  intensity  pixel: 

(7) 
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When  TV  =  4,  the  pdf  is  given  by 
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C  Sample  third  maximum  intensity 

Let  X3  be  the  resultant  pixel  intensity  due  to  sampling  the 
third  maximum  intensity  pixel: 
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When  TV  =  4,  the  pdf  becomes 
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Z).  Sample  minimum  intensity 

Let  JC4  be  the  resultant  pixel  intensity  when  the  minimum 
intensity  pixel  is  used: 
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When  TV  =  4,  the  pdf  becomes: 
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E,  Comparison  of  achievable  SSNRs 

To  derive  the  SSNRs  for  the  various  sampling  criteria  for 
TV=4,  E(x)  and  Var(x)  are  first  evaluated  using  the  respective 
pdfs  as  shown  in  (6),  (8),  (10)  and  (12).  Subsequently,  they 
are  substituted  into  (13)  where  i  =  1, 2,3,4  indicates  the 
different  sampling  criterion. 

SSNR;  =  E{xi)l  ^Var{xi)  (13) 

Fig.  2  shows  a  plot  of  the  achievable  SSNRs  for  the  various 
methods  as  a  function  of  varying  mean  /^4  ,  with  =  P2  ^ 
P3  =  1.  SSNRy  denotes  the  SSNR  obtained  by  DMI. 


Fig.  2:  SSNR  for  various  methods  for  the  case  N  =  4  with 

From  Fig.  2  it  is  evident  that  as  the  mean  pixel  intensity  in 
any  look  begins  to  deviate  from  the  rest,  the  sampling 
technique  is  able  to  produce  a  better  SSNR  compared  to  DMI. 
In  this  particular  case,  when  P4  >  4  one  should  employ  the 
sample  second  maximum  intensity  method  instead  of  the 
DMI,  Although  the  ideal  improvement  factor  of  Vn  is'  not 
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obtained,  incorporation  of  the  sampling  technique  into  DMI  otherwise  smoothed  out  by  the  former  method  which  employs 
nevertheless  maximizes  the  achievable  SSNR  averaging. 


Fig.  3  shows  another  plot  of  achievable  SSNR  as  a  function 
of  F4,  however  with  a  different  set  of  mean  intensities  = 
=  5.  It  is  observed  that  when  P^  <1  the  sample 
second  maximum  intensity  method  gives  a  higher  SSNR.  On 
the  other  hand  when  P4  >  \,  conventional  DMI  produces 
better  results. 


Fig.  3:  SSNR  for  various  methods  for  the  case  N  =  4  with 

/>,=  P,  =  5. 

These  isolated  cases  highlight  the  need  for  an  adaptive 
approach  for  the  determination  of  the  appropriate  sampling 
criterion  to  be  used,  based  on  the  mean  pixel  intensity 
variation.  From  both  Fig.  2  and  3  we  also  note  that  unit 
SSNR  is  always  achieved  for  the  case  when  the  minimum 
intensity  is  sampled.  This  is  equivalent  to  not  employing 
multiple  look  processing  at  all  and  hence  should  not  be  used. 

V.  ADAPTIVE  IMPLEMENTATION 


Fig.  4:  Implementation  of  Adaptive  Algorithm  based  on 
estimated  mean  intensity  in  the  various  looks. 


Fig.  5:  ESAR  image  processed  by  conventional  DMI 
technique. 


The  implementation  of  the  sampling  technique  requires  the 
knowledge  of  the  mean  intensity  of  pixels  in  each  look. 
However,  since  only  the  pixel  intensity  of  the  looks  is 
available,  we  estimate  the  mean  intensity  using  local 
statistics.  Choice  of  the  appropriate  window  is  determined  by 
image  resolution.  In  practice,  image  pixels  in  the  azimuthal 
direction  are  much  smaller  than  the  resolution  cell  length. 
Averaging  pixels  within  the  resolution  cell  to  estimate  the 
mean  is  therefore  expected  to  be  fairly  accurate  since  the 
pixels  can  be  assumed  to  be  quasi-uniform.  An  illustration  of 
this  adaptive  implementation  is  shown  in  Fig.  4. 

VI.  EVALUATION  WITH  ESAR  IMAGES 

Fig.  5  and  6  show  the  same  section  of  an  ESAR  image  of 
Oberpfaffenhofen  (Campaign  OP93AF),  processed  using  the 
conventional  DMI  technique  and  the  proposed  AST.  A  1x10 
window  in  the  azimuth  direction  was  used  to  estimate  the 
pixel  mean,  corresponding  to  resolution  cell  size  of 
1.5mx0.8m.  It  is  noted  from  the  image  that  the  latter 
approach  reduces  the  speckle  noise  more  significantly, 
resulting  in  the  visibility  of  terrain  features  that  were 


Fig.  6:  ESAR  image  processed  by  Sampling  Technique. 
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Abstract  --  A  partially  correlated  polarimetric  K-distribution 
model  is  presented  to  characterize  statistical  properties  of  multi¬ 
look  polarimetric  SAR  data  from  urban  areas.  The  model  was 
derived  using  a  more  general  matrix  form  of  the  product  model  that 
uses  separate  Gamma  distributed  texture  variables  for  different 
polarization  channels  and  assumes  that  these  texture  variables  be 
partially  correlated.  Experimental  assessment  of  the  model  was 
conducted  using  NASA/JPL  polarimetric  SAR  data  from  an  urban 
area,  showing  improvement  in  better  characterizing  urban 
polarimetric  backscattering. 

1.  INTRODUCTION 

To  construct  algorithms  for  higher  level  object  statistical 
polarimetric  classification  and  characterization  as  well  as  optimal 
SAR  image  speckle  reduction  applications  using  high  resolution 
polarimetric  SAR  data  associated  with  a  scene  or  field  that  contains 
not  only  various  kinds  of  natural  objects  such  as  terrain,  crops, 
forests  and  etc.  but  also  complex  urban  objects,  it  is  essential  to 
have  an  unified  and  precise  polarimetric  statistical  model  applicable 
to  all  kinds  of  interested  objects  within  the  scene.  Furthermore,  to 
assure  the  algorithms'  robustness  and  effectiveness  in  diverse 
environments,  the  model  should  be  physically  based  and  compact  in 
form. 

It  has  been  shown  that  polarimetric  K-distribution(PKD)  [1]  is 
promising  for  statistically  describing  high  resolution  polarimetric 
backscatter  of  ocean,  vegetation,  crops,  and  forest  which  could 
have  heterogeneous  texture  structures.  More  significantly,  PKD  was 
set  up  on  the  basis  of  certain  mathematical  and  physical 
assumptions  about  radar  echo;  and  also  had  a  closed  mathematical 
form.  Naturally,  it  is  desirable  that  PKD  could  be  used  as  an  unified 
and  precise  polarimetric  statistical  model  for  the  aforementioned 
purpose. 

However,  some  experiments  indicated  that  PKD  is  not  precise 
enough  to  characterize  complex  urban  polarimetric  scatter. 

In  this  research,  we  are  concerned  with  general izzing  PKD  to 
overcome  its  shortcoming  in  urban  scatter  description. 

2.  PARTIALLY  CORRELATED  POLARIMETRIC  K- 
DISTRIBUTION 

Multi-look  PKD  can  be  formulated  by  using  the  so  called 
product  model  which  permits  a  varying  texture  structure  to 
modulate  the  homogeneous  complex  Wishart  speckle  pattern.  A 
common  random  variable  is  used  to  characterize  the  texture  sensed 
with  HH,  HV,  VH,  and  VV  polarization;  or  equivalently,  the 
SAR  measurements  of  the  texture  with  the  four  polarization  are 
presumed  to  be  the  outcomes  of  four  random  variables  that  obey 


the  same  statistics  and  are  completely  correlated.  In  this  paper,  it  is 
assumed  that  the  SAR  observations  of  texture  structure  in  urban 
areas  with  high  resolution  POL-SAR  HH,  HV,  VH,  and  VV 
polarization  are  outcomes  of  four  partially  correlated  random 
variables. 

For  simplicity  and  without  losing  generalization,  we  just  consider 
a  dual-polarization,  for  instance,  a  single-channel  (say  channel  1) 
transmission,  dual-channel  (say  channel  1  and  2)  reception  ,  SAR 
system.  Let  SiJ  denote  the  channel  /  transmitted  and  channel  J 
received  signal,  where  /,  j  =1,2.  Thus,  the  measured  1-look 
polarimetric  scattering  vector  y  at  each  pixel  consists  of  two 

complex  elements:  and  =  5^2* 

We  assume  that  is  a  product  of  a  bivariate,  zero  mean,  complex 
Gaussian  vector  referred  to  as  texture-free  scattering  vector,  and  a 
two  by  two  diagonal  texture  matrix  G,  i.e. 


ViT  0 

0  TiT. 


^2 


(1) 


Let  y(jt)be  the  k-th  look  scattering  vector.  From  (1),  and  under 


the  assumption  that  independent  of  k  for  pixels 

included  in  the  multi-look  processing,  the  measured  n-Iook 
polarimetric  covariance  matrix  at  each  pixel  is  given  by 


^  =  gzg  *  (2) 

here  ,  7  =  ^  ^^^hart  distributed  n-look 

texture-free  covariance  matrix. 

For  given  values  of  g.  ^/=1,2),  the  conditional  pdf  of  the  random 
matrix  Y  is  also  a  Wishart,  i.e.. 


/(lysi.si) - (G-'z-'G-'r)]  m 

where  /^(^)  =  rir(n)r(n  + 1) »  21  is  the  texture-free 

polarimetric  characteristic  covariance  matrix. 
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where  q.  0=1.2),  is  the  backscattering  coefficient  of 

the  ith  polarization  channel,  polarimetric  correlation 

coefficient,  =^;r,A:2)/'P.  and  =  yfa^  .  It  worthies 


0-7803-3068-4/96$5.00©1996  IEEE 


60 


noting  that  Z  is  related  to  the  textured  characteristic  covariance 
matrix  C[y]  of  Kby 


TCP¥pl 


02  J 


(5) 


where  ) ,  is  the  texture  correlation  function  . 

If  we  model  the  texture  scaling  multipliers  and  as  partially 
correlated  Gamma  distributed  variables  each  of  which  having  unity 
mean,  their  joint  pdf  is  given  by  [2] : 
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where  /^(x)is  the  modified  Bessel  function  of  the  first  kind  of 
order  n;  u  is  the  texture  shape  parameter;  p  is  a  positive  correlation 
coefficient;  and  r(x)  is  the  gamma  function. 

Using  (6),  we  can  obtain  the  texture  correlation  function: 


correlation,  i.e.,  p  <  1 ,  can  be  expressed  as 

fiY)«MY)  +  MY)  (8) 

where  the  usual  multi-look  polarimetric  K-distribution  as 

(10)  in  [1],  and  /j  (F)  a  small  term  given  by 
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P  =  0’  (Vsi  f 2  )  =  [r(u  +  0. 5)  /  r(o)]^  /u,  approaches 
zero  as  v>  becomes  large;  for  p  =  i,  TCF-\. 

From  (3)  and  (6),  we  found  the  partially  correlated  K-distribution 
for  the  n-look  polarimetric  covariance  matrix  F, 
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=  2^nu7r  {[^(e)]"'  f}  ’  ^(6)  = 


R  = 
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When  p  is  close  to  zero,  (7)  takes,  approximately,  the  form  of 
Taylor  series  about  p  around  p  -0.  In  this  case,  the  PDF  of 
Fcould  be  evaluated  by  using  only  the  first  few  terms  in  the 
summation  of  (^,  However,  it  is  impractical  to  use  (7>  when  p  is 
close  to  1.  In  this  case,  we  would  better  have  the  PDF  of 
F' expressed  as  Taylor  series  about  p  around  p”l. 

The  first  order  partially  correlated  multi-look  K-distribution 
suitable  for  computation  under  the  condition  of  high  texture 


3.  MARGINAL  PDFS 

Equation  (7)  has  six  dimensions,  difficult  to  be  validated.  Its 
marginal  PDFs  are  more  suitable  for  later  validation. 

3, 1 .  The  multi-look  amplitude  ratio  distribution 
The  normalized  amplitude  ratio  is  defined  as  vP=r*V»  where 

r  =  ^g\lg2  ’V  =  h|/(VT|x2|).and  x  =  a,/o2’ 

Neglecting  derivation,  we  have  that 


2r(2«)r(2u)(i-|pop)''(i-p)" 

f(w)  = - - - r- - w""-'  I{W) 

[rW]^[r(u)]^ 

with  /(Vvv)  =  du{w-\'U){\  +  / 

{[(m'  +  m)^  -4|pop  wm]  [(1  +  m)^ 


3.2.  Multi-look  Phase  difference  and  normalized  amplitude 
distributions 

The  multi-look  phase  difference  is  defined  as  the  argument 

of  the  off-diagonal  element  F|2  of  ^  Because 

are  real  variables,  the  phase  difference  is  independent  of  them.  So, 

the  PDF  of  found  by  replacing  4/ and  p  in  (15)  in  [I ] 

'*'12  and  Po.  respectively. 

The  normalized  multi-look  amplitude  distribution  is  identical 
with  its  counterpart(l  1)  in  [1]. 
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4.  TEST  OF  PARTIALLY  CORRELATED  DISTRIBUTION 

In  this  section,  we  conduct  an  initial  test  of  (7)  to  see  whether  it 
could  be  used  to  better  characterize  urban  scatter  compared  to  PKD 
using  Sanfrancisco  L-band  polarimetric  SAR  data.  The  test  site  is 
an  urban  area  containing  51x101  nominal  4-Iook;  pixels. 

To  compute  the  marginal  pdfs,  we  need  an  estimate  of  from 

the  test  data  set.  While  arg(po)  can  be  directly  computed,  can 

not  because  its  estimate  is  coupled  with  TCF . 

From  plots  of  TCF  as  function  of  p  for  different  values  of  u  ,  we 
found  that  if  u  is  larger  than  1,  then  TCF  will  be  larger  than  0.9  for 
any  value  of  p  no  less  than  0.5.  As  well  known,  u  is  an  indicator  of 
the  roughness  of  the  texture  structure;  the  larger  the  u,the  more 
homogeneous  the  imaging  scene  is.  Lee  in  [2]  has  obtained  a  u  = 
12.8  for  forest  texture  using  4-look  data.  From  this  order  of 
magnitude  of  o  ,it  could  be  expected  that  for  o  less  than  I,  the 
image  scene  would  have  become  extremely  rough. 

In  this  test,  we  assume  that  u  is  larger  than  1  and  that  p  is  not 
close  to  zero  for  the  test  urban  area,  making  it  possible  to  neglect 

TCF  in  the  estimation  of  |pq[.  Under  this  assumption, 

1)  Equivalent  number  of  looks(ENL)  and  an  initial  estimate  of 
u  are  obtained  by  using  the  same  method  used  in  [1]. 

2)  An  accurate  o  is  found  by  testing  various  values  in  a  wide 
neighborhood  of  the  initial  u  estimate  for  best  match  between 
derived  PDFs  and  histograms  for  HH,  HV,  and  VV  amplitudes. 

3)  p  is  found  by  testing  various  values  in  the  interval  of  (0,1)  for 
best  match  between  derived  PDFs  and  histograms  for  normalized 

\HH\I\VV\,  and  \HV\I\VV\- 

To  echo  above  assumption  about  the  data  set,  we  use  a  nominal 
16-look  data  .  The  test  site  then  consists  of  26x51  nominal  16-look 
pixels.  Fig.  I  shows  the  histogram  of  HH-HV  phase  difference  and 
corresponding  theoretical  PDF  when  ENL  =8.  An  acceptable  fit  can 
be  noted.  Fig.2  shows  the  histogram  of  HH  normalized  amplitude 
and  the  corresponding  theoretical  PDF  when  ENL=8  and  u=3.3. 
Again,  a  good  fit  exists.  An  acceptable  fit  is  also  found  between 

histograms  and  PDF  for  normalized  amplitude  ratio 

when  p  =0.9,  as  shown  in  Fig. 3.  In  Fig. 3  the  amplitude  ratio  pdf 
derived  from  the  PKD  in  [2]  is  also  plotted  for  comparison.  It  is 
shown  in  Fig.3  that  our  model  fits  experimental  curve  better. 
Since  the  obtained  p  and  ^  ^^e  in  the  valid  range  of  our 
assumption,  the  test  is  effective. 

5.  CONCLUSION 

A  generalization  of  polarmetric  K-distribution  is  proposed  for 
high  resolution  urban  scatter  statistics  description.  A  test  is 
conducted  using  a  real  nominal  16-  look  urban  data  set,  showing 
that  the  model  outperforms  PKD. 
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Fig.l  .  Comparison  of  HH-HV  phase  difference  PDF(dashed 
plot)  with  corresponding  histogram  test  (solid).  (ENL=8). 


Fig.2.  Comparison  of  normalized  |HH|  amplitude  PDF(dashed 
plot)  with  corresponding  histogram  test(solid).  (ENL=8,  o  “3.3). 


Fig.3.  Comparison  of  normalized  \HF^I\HV\  amplitude  ratio 
PDF(dotted  plot)  with  corresponding  histogram  test(solid).  The 
dashed  plot  is  computed  using  PKD  derived  amplitude  ratio  PDF 
(ENL=8,o  =3.3,  p  =0.9). 
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ABSTRACT 

Three  methods  are  investigated  for  speckle  reduction  and 
enhancement  of  synthetic  aperture  radar  (SAR)  images  in 
the  orthogonal  wavelet  domain.  The  first  method  is  a  non¬ 
linear  method  based  on  soft  thresholding  the  wavelet  co¬ 
efficients  for  logarithmically  transformed  SAR  image  data 
[1].  The  second  method  uses  enhanced  adaptive  Lee  fil¬ 
ter  [2]  of  the  wavelet  coefficients  of  SAR  images.  Finally, 
the  third  method  introduces  non-linear  speckle  reduction 
based  on  adaptive  sigmoid  thresholding  of  the  wavelet 
coefficients  for  logarithmically  transformed  SAR  images. 
The  wavelet  methods  show  great  promise  for  speckle  re¬ 
moval  and  hence  provide  better  detection  performance  for 
SAR  based  recognition. 

1.  INTRODUCTION 

The  role  of  SAR,  in  gathering  information  from  the  Earth’s 
surface,  is  very  important  since  SAR  has  the  ability  to  op¬ 
erate  under  all  weather  conditions.  However,  processing 
of  SAR  images  has  one  major  problem,  i.e.,  they  contain 
speckle  or  coherent  noise.  The  speckle  noise  can  typi¬ 
cally  be  modeled  as  multiplicative  i.i.d.  Gaussian  noise 
[3].  Logarithmic  transformation  of  an  SAR  image  converts 
the  multiplicative  noise  model  to  an  additive  noise  model. 
When  information  details  in  the  SAR  image  are  impor¬ 
tant,  speckle  causes  degradation  of  the  image.  Hence, 
speckle  reduction  is  a  necessary  procedure  before  auto¬ 
matic  and  efficient  class  discrimination  can  be  performed. 

The  discrete  wavelet  transformation  (DWT)  is  a  rela¬ 
tively  new  technique  for  multi-resolution  decomposition 
of  images  and  has  been  used  for  both  noise  reduction  and 
compression  of  SAR  images  [1]. 

This  paper  studies  speckle  reduction  and  image  enhance¬ 
ment  for  digitized  SAR  images.  Shi  and  Fung  [4]  have 
compared  several  speckle  filters,  e.g.,  the  Lee,  Kuan,  En¬ 
hanced  Lee,  Frost,  Enhanced  Frost,  and  Gamma  MAP 
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filters.  They  showed  that  all  these  filters  had  some  trade¬ 
off  between  speckle  reduction  and  preservation  of  useful 
information  in  the  image. 

This  paper  uses  the  adaptive  statistic  filter  of  Lee  to¬ 
gether  with  thresholding  in  the  wavelet  domain  for  speckle 
reduction  and  image  enhancement.  A  logarithmic  trans¬ 
formation  is  used  to  get  an  estimate  of  the  signals  from 
multiplicative  noise  models.  The  speckle  reduction  and 
image  enhancement  are  then  obtained  by  thresholding 
the  wavelet  coefficients  of  the  estimated  signals.  A  novel 
thresholding  method  which  operates  in  the  wavelet  do¬ 
main  is  proposed.  This  method  uses  a  sigmoid  function 
similar  to  the  activation  function  used  in  neural  networks. 
Also,  soft  thresholding  will  be  studied  and  the  results  will 
be  compared, 

2.  DENOISING  OF  SAR  IMAGES 

This  section  describes  three  non-linear  methods  for  speckle 
reduction  of  SAR  images.  For  a  digitized  SAR  image,  we 
define  z(j,  k)  as  the  gray  level  (or  the  observed  image  in¬ 
tensity)  of  the  (j,  fc)-th  pixel  of  the  image.  For  clarity,  we 
will  omit  the  pixel  in  the  indices  in  the  rest  of  this  paper. 
Hence,  the  pixel  level  of  a  SAR  image  can  be  written  as 

z  =  xe 

where  x  is  the  desired  texture  information  and  e  is  the 
multiplicative  noise.  Arsenault  and  April  [5]  showed  that 
for  a  logarithmically  transformed  SAR  image,  the  speckle 
is  approximately  Gaussian  additive  noise,  i.e., 

z  =  X  e 

where  z  \n{\z\).  In  what  follows  y  will  represent  a 
logarithmically  transformed  gray  level  (or  intensity),  y. 

All  speckle  reduction  methods  are  applied  within  the 
wavelet  multiresolution  representation,  i.e.,  if  z  represents 
the  original  image  and  W  is  the  multi-level  DWT,  then  a 
multiresolution  representation  is  given  by  the  equation 

y  =  Wz  (or  y  =  Wz). 
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The  noise  level  (variance),  cr,  in  the  multiresolution  repre¬ 
sentation  is  not  known  in  advance  and  has  to  be  estimated 
from  the  data.  In  this  paper  an  estimate  of  cr  is  taken 
to  be  the  standard  derivation  of  the  high/high  subband- 
image  of  the  first  level  of  the  DWT  [6].  Also,  no  filtering 
or  thresholding  is  done  on  the  low/low  subband-image  at 
the  final  level  of  the  DWT. 

Below  we  present  a  general  formula  for  processing  these 
subband-images  to  accomplish  speckle  reduction  and  en¬ 
hancement  of  SAR  images.  Let  /  be  a  non-linear  function 
designed  to  reduce  speckle  for  selected  subband-images. 
Then,  an  enhanced  subband-image  y  may  be  given  by 

y  =  f{y)- 

The  speckle  reduced  image  is  then  obtained  from  the  in¬ 
verse  DWT  of  the  enhanced  subband-image  y. 


2,1.  Soft  Thresholding 

In  [7]  Donoho  proposed  a  non-linear  method  for  recon¬ 
struction  of  an  imknown  signal  from  noisy  measurements. 
The  method  is  based  on  shrinkage  or  thresholding  in  the 
orthogonal  wavelet  domain.  If  the  signal  of  interest,  x, 
has  been  corrupted  by  measurement  noise  (or  any  other 
noise),  then  the  signal  y  is  obtained  as 

y  z=z  X  ae 


where  e  is  unit-variance,  zero-mean  Gaussian  white  noise 
and  a  is  the  noise  level.  The  recovery  of  the  unknown 
signal,  X,  such  that  the  mean  square  error  between  the 

estimate  x  of  x  and  x  itself,  irE  ||x  ~  x||]  ,  is  optimized, 
can  simply  be  done  by  thresholding  in  the  wavelet  domain. 
This  method  was  extended  to  SAR  images  in  [1]  and  can 
be  described  in  three  steps: 


1.  Logarithmically  transform  the  SAR  image  to  ob¬ 
tain,  z.  Then  apply  the  orthogonal  DWT  to  get 
the  wavelet  coefficients  corresponding  to  the  noise 
data,  y. 

2.  Choose  a  threshold  t  =  ja  (where  7  is  a  constant  to 
be  chosen)  and  apply  the  soft  thresholding 


f  y-t 

for  y  >  t 

f{y)  =  <  0 

for  |y|  <  t 

[  y  +  t 

for  y  <  —t 

to  obtain  the  enhanced  wavelets  coefficients,  y. 

3.  Apply  the  inverse  orthogonal  DWT  and  the  expo¬ 
nential  transformation  to  get  the  denoised  signal,  x. 


2.2.  Adaptive  Sigmoid  Thresholding 

In  [8]  a  continuous  function  was  introduced  for  image  en¬ 
hancement.  The  function  is  based  on  the  sigmoid  func¬ 
tion,  similar  to  the  activation  function  commonly  used  in 
neural  networks.  For  an  input  image,  y,  with  maximum 
absolute  amplitude,  ymax,  the  image  range  [-ymax,  jtoaxl 
is  mapped  onto  the  interval  [—1, 1]  with  the  function  f{y) 
given  by 


fiy) 


where 


ymax 


sigmoid 


y 

ymax 


sigmoid 


_ _ 1 _ 

sigmoid  (c  (1  -  b))  —  sigmoid  (-c  (1  —  b)) 

and  sigmoid(y)  is  defined  by 


sigmoid(y)  = 


1 

1  +  exp  (-y)  ■ 


Because  of  the  normalization,  the  transformation  param¬ 
eters,  o,  6,  and  c  can  be  set  independently  of  the  dynamic 
range  of  the  input  image. 

Here  we  propose  an  adaptive  denoising  method  based 
on  this  function.  It  is  described  below: 


1.  Logarithmically  transform  the  SAR  image  to  ob¬ 
tain,  i.  Then  apply  the  orthogonal  DWT  to  get 
the  wavelet  coefficients  corresponding  to  the  noise 
data  y. 

2.  Choose  the  parameters  c  =  7icr  and  b  =  72C^/ymax 
(71  and  72  are  constants  to  be  chosen)  where  ymax  is 
the  maximum  absolute  amplitude  value  of  subband- 
images  for  the  DWT  multiresolution  representation. 
Apply  the  non-linear  function  /(y)  from  above, 

3.  Apply  the  inverse  orthogonal  DWT  and  the  expo¬ 
nential  transformation  to  get  the  denoised  signal,  x. 


2.3.  Lee  Filtering 

For  the  (enhanced)  Lee  filter,  the  multiplicative  model  of 
the  SAR  image  is  at  first  approximated  by  a  linear  model. 
Then  the  minimum  mean  square  error  criterion  is  applied 
to  this  linear  model.  Following  [2],  the  speckle  reduction 
filter  can  be  formulated  as 

{Z  for  Cz  <  Ce 

zw  -h  z(l  -  w)  for  Ce  <Cz  <  Cjnax 
z  for  Cz  >  Cmax 

where 


=  exp  [-k{Cz  -  Ce)/(Cmax  -  Cz)] 
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is  the  weighting  function  and  z  is  the  mean  of  z.  The 
variation  coefficients  of  the  image  and  the  noise  (speckle) 
are  given  by 


respectively,  and  Cmax  =  for  single  look  SAR  image. 

We  propose  applying  the  (enhanced)  Lee  filter  on  the 
subband-images  in  the  wavelet  domain.  The  method  can 
be  described  as  follows: 

1.  Apply  the  orthogonal  DWT  to  get  the  wavelet  coef¬ 
ficients  corresponding  to  the  noise  data,  y, 

2.  Choose  the  variation  parameters  Ce  —  7i<7,  Cmax  = 
72a  (where  71  and  72  are  constants  to  be  chosen). 
Calculate  the  variation  coefficients,  Cy  =  o-y’s,  for 
each  subband-image  for  the  DWT  multiresolution 
representation.  For  these  parameters  apply  the  (en¬ 
hanced)  Lee  filter  to  each  subband-image  to  obtain 
enhanced  wavelets  coefficients,  y. 

3.  Apply  the  inverse  orthogonal  DWT  to  get  the  de- 
noised  image,  x. 

3.  EXPERIMENTAL  RESULTS 

In  the  experiments  we  applied  the  three  denoising  meth¬ 
ods  described  in  the  previous  section  to  a  single  look  SAR 
image  which  is  a  256  x  256,  256-gray-scale  image.  There 
are  several  parameters  that  need  to  be  chosen  for  the  de¬ 
noising  methods.  It  is  needed  to  choose  the  type  of  wavelet 
to  be  used,  the  length  of  the  wavelet  filters,  and  the  num¬ 
ber  of  wavelet  decomposition  levels.  In  all  our  experi¬ 
ments  we  used  a  Daubechies  orthogonal  wavelet  |6]  along 
with  4-tap  wavelet  filters  (i.e.,  D4).  A  4-level  wavelet- 
decomposition  was  used  for  all  the  denoising  methods. 
The  thresholding  coefficients  for  the  denoising  methods 
were  chosen  as:  (i)  t  =  1.2(7  for  the  soft-thresholding 
method;  (ii)  71  =  72  =  10  for  the  sigmoid  thresholding 
method;  and  (ii)  Ce  =  1.6(7,  Cmax  =  2.0(7,  and  Cy  was 
calculated  using  a  3  x  3  window  for  Lee  filtering  in  the 
wavelet  domain.  The  speckle  phenomena  is  clearly  visible 
in  the  original  image  (Figure  1)  and  greatly  removed  in 
the  denoised  images  in  Figures  2-4. 

4.  CONCLUSIONS 

This  paper  developed  methods  for  speckle  reduction  and 
enhancement  of  SAR  images  in  the  wavelet  domain.  The 
methods  can  significantly  reduce  the  speckle  while  pre¬ 
serving  the  resolution  of  the  original  SAR  image.  Cleaner 
images  should  improve  classification  and  recognition. 
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Figure  1:  Original  SAR  image. 


Figure  3:  Denoised  SAR  image  with  sigmoid  thresholding 
=  10  for  D4  4-level  filter. 


Figure  2:  Denoised  SAR  image  with  soft-thresholding  t  = 
1.8(7  for  D4  4-level  filter. 


Figure  4:  Denoised  SAR  image  with  Lee  filtering  in  the 
wavelet  domain  with  Ce  =  1.6(7  and  Cmax  =  2.0(7  for  D4 
4-level  filter. 
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1.  ABSTRACT 

Speckle  noise  in  synthetic  aperture  radar  (SAR)  images 
reduces  target  feature  detection.  Two  of  the  better  known 
postprocessing  speckle  suppression  filters  are  the  Lee  (1986) 
and  Kuan  filter  (1987).  In  this  paper,  we  present 
modifications  that  have  been  made  to  the  Lee  and  Kuan 
filters,  such  that  there  is  an  improvement  in  speckle 
suppression  in  regions  of  large  back-scattering  variations. 
Improvement  over  the  original  algorithms  are  illustrated 
using  SEASAT  images  of  Flevoland  (Netherlands). 
Quantitative  measures  of  performance  for  various  types 
simulated  terrain  will  also  be  presented. 

n.  INTRODUCTION 

Many  adaptive  speckle  reduction  techniques  developed  in 
recent  years  make  use  of  homomorphic  transformation  [1] 
and  gamma  maximum  a  priori  probability  (MAP)  [2]. 
Examples  include  the  Frost  [3],  Lee  [4]  and  Kuan  [5]  filters. 
Adaptive  linear  filters,  based  on  image  properties,  assume  a 
multiplicative  speckle  model  and  make  use  of  local  statistics. 
It  has  been  accepted  that  while  some  of  these  filters  display 
superior  performance  in  smoothing  speckle  in  homogeneous 
areas,  others  give  better  performance  at  preserving  features 
e.g.  edges.  In  this  study,  the  Lee  and  Kuan  algorithms  are 
modified  in  an  attempt  to  bridge  these  two  areas  of  concern. 


var(2),  which  are  in  turn  approximated  by  the  local  mean  and 
variance  of  the  speckle-corrupted  image.  Using  first-order 
Taylor  expansion  about  (x,v),  Lee  estimated  x  by 
minimizing  the  mean  square  error  (MMSE)  of  (3): 

X  =  x  k(z  -x)  (2) 

^  =  E(x-x)^  (3) 

The  factor  k  for  the  Lee  algorithm  is; 


~  2^2  ^  ^ 
yjdx(x)  4-  <jyX 

This  algorithm  is  effective  in  flat  regions  as  var(x)  0,  thus 
X  ^x  (neighborhood  average).  In  regions  of  high  contrast, 

7  —7 

var(x)  is  large  compared  with  a^x  ,  as  such  x  »  z  (retains 
pixel  value).  Consequently,  speckle  near  high  contrast  edges 
and  objects  is  not  suppressed. 

A,  Second  Order  Taylor  Expansion 

In  our  work,  we  extended  the  Taylor  expansion  to  second- 

order.  The  new  factor  obtained  after  MMSE  becomes: 

_ var(x) _ 

^  7  —2  2 

var(x)(l  +  )  +  X 

=  k{ - 5— )«^(l-^a2)  (5) 

1  +  kai 


III.  SAR  SPECKLED  IMAGE  MODEL 

It  is  well  established  that  speckle  manifests  itself  in  the 
form  of  multiplicative  noise,  characterized  by  a  Rayleigh 
probability  density  function  of  image  magnitude  [6]. 

Let  z-f  !  be  the  amplitude  of  an  observed  image  pixel  and 
Xfj  be  the  noise-free  image  pixel  to  be  recovered.  With  the 
multiplicative  noise  model, 

in  which  v,y  represents  the  multiplicative  noise  with  unit  mean 
and  standard  deviation  a,,  (a„  is  independent  of  Xyy.).  To 
simplify  notation,  subscripts  ij  will  be  omitted  henceforth. 

IV.  THE  LEE  FILTER 

Lee  adopted  the  additive  noise  filter  to  multiplicative  noise 
by  transforming  (1)  into  the  sum  of  signal  and  an  additive 
noise  (independent  of  signal)  via  linear  approximation.  From 
the  multiplicative  noise  model,  the  a  priori  mean  x  and 
variance  var(x)  of  x  can  be  estimated  in  terms  of  z  and 


Although  better  performance  can  be  achieved  using  the 
2nd  order  Lee  filter,  we  find  that  the  new  factor  k’  is  still 
unable  to  achieve  the  desired  suppression  near  edges. 


B,  Modified  Lee  algorithm 
Empirically,  we  derive  a  new  factor  based  on  the  idea  of 
adaptively  modulating  the  factor  k  when  (z  -  x)  is  large: 


k^  = 


var(x) 


—  2  2 

var(x)  +  X 


(1- 


(z-x) 


-)  =  kw^ 


X  =  X  +  kw^  (z  -x) 


(6) 

(7) 


When  (z-x)  is  large,  w^  becomes  small  to  allow  x  to  take 
on  the  value  of  x  .  On  the  other  hand,  when  variation  is  small 
i.e,  (z-x)  0,  (7)  reduces  to  the  original  (2).  Experimental 

results  show  that  this  modified  algorithm  is  better  able  to 
suppress  speckle  in  regions  of  large  back-scattering 
variations. 
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V.  THE  KUAN  FILTER 


VI.  EVALUATION  OF  THE  FILTERS 


The  Kuan  filter  was  also  developed  from  the  additive  noise 
filter.  Correlation  properties  of  speckle  were  used  and  a  local 
MMSE  (LMMSE)  filter  using  local  statistics  was  proposed. 
For  easy  numerical  computation,  LMMSE  and  MAP  speckle 
filters  were  also  presented  for  cases  when  pixel-to-pixel 
correlation  can  be  neglected.  This  occurs  when  the  sampling 
interval  of  the  speckled  intensity  image  is  of  the  order  of  the 
correlation  length  of  speckle  (image  resolution).  The  image 
samples  can  then  be  assumed  to  be  independent. 

A,  Analysis  of  the  Kuan  filter 

Kuan  assumed  an  image  model  which  has  nonstationary 
mean  and  variance  (NMNV).  As  in  (1),  a  multiplicative 
speckle  intensity  model  was  used.  Assuming  no  correlation, 
the  LLMMSE  filter  reduces  to  a  set  of  scalar  equations  and 
the  simplified  Kuan  filter  becomes: 

var(x)  . 

^LLMMSE  =  ^  + - 7“ — 12 - 7”  (^) 

var(x)  +  X  +  var(x) 

where  x  is  the  local  mean  estimate  of  x,  and  var(x)  is  the 
local  variance  estimate  of  x. 


As  discussed  previously,  higher  speckle  smoothing  may  be 
achieved  at  the  expense  of  feature  fidelity.  Filters  should 
obtain  minimum  variance  estimation  and  ensure  good  spatial 
and  radiometric  resolution.  In  this  section,  we  attempt  to 
quantify  and  compare  the  performance  of  the  various  filters 
along  with  the  non-adaptive  box  (local  average)  filter. 

A.  SEASAT SAR  data 

We  first  carry  out  a  visual  evaluation  of  the  filters  using  a 
SEASAT  image  of  Flevoland,  characterized  by  patches  of 
varying  back-scattering  terrain.  From  Fig.  1,  we  see  that  the 
original  image  is  badly  corrupted  by  speckle.  Fig.  2  and  3 
show  the  results  after  original  and  modified  Lee  filtering 
respectively.  We  see  that  the  modified  algorithm  is  better  able 
to  suppress  speckle  without  losing  significant  feature 
characteristics.  Kuan  filtering  as  depicted  in  Fig.  4  loses  out 
in  spatial  resolution  when  compared  with  the  Lee  algorithms. 
However,  after  modification,  it  Is  able  to  reach  a  better 
compromise  in  terms  of  speckle  suppression  and  spatial 
resolution.  See  Fig.  (5). 


B,  Modified  Kuan  filter 
Recalling  the  k'  factor  in  our  second-order  extension  of  the 
Lee  filter  and  assuming  that  Oy  ))  v  ,  we  are  able  to  derive  a 
modified  factor  that  resembles  the  original  Kuan  filter. 

_ var(x) _ 

^  __2  2  2 
var(x)  +  X  Gy  +  var(x)ay 


_ var(x) _ 

var(x)  +  av(-^  T 

V  +a; 


_ varCx)  _ 

_2  ~  '^modified,  kuan 

var(x)  +  X  +  var(z) 

This  new  factor  incorporates  a  var(z)  in  place  of  a  var(x)  in 
the  original  Kuan  filter.  As  var(z)  >  var(x),  the  ability  of  the 
modified  Kuan  filter  in  suppressing  speckle  in  regions  of 
large  variation  will  be  greater,  with  Aroodif,ed,kuan  ^  Knm  ■ 


B.  Simulated  smooth  varying  terrain 

An  important  feature  of  the  improved  filters  is  the  ability  to 
perform  in  areas  of  high  back-scattering  variations.  A 
smooth  varying  terrain  is  simulated  to  evaluate  this  property, 
the  results  of  which  are  tabulated  in  Table  1.  Results  show 
that  both  modified  filters  are  able  to  give  lower  mean  error  as 
compared  to  the  original  algorithms. 


Table  1:  Resultant  mean  error  for  the  various  filters. 


Image 

E(|x  -  ^|) 

Box  filter 

8.7552 

Lee  filter 

9.8969 

Lee  (modified)  filter 

9.5282 

Kuan  filter 

8.7558 

Kuan  (modified)  filter 

8.7550 

C  Simulated  homogeneous  terrain 

The  four  filters  are  applied  to  the  image  of  a  simulated 
homogeneous  terrain  and  compared  using  ENL  (effective 

number  of  looks,  ENL  =  ! o\).  Fig.  6  shows  the 

histograms  of  the  image  after  application  of  the  various 
filters.  Table  2  gives  the  comparative  ENL. 

We  see  that  the  Lee  filter  gives  the  lowest  ENL  as 
compared  to  the  Kuan  and  modified  filters.  Performance  of 
the  modified  Kuan  filter  approaches  the  box  filter,  which  has 
been  shown  to  give  the  best  performance  in  speckle 
suppression  for  homogenous  terrain. 


Fig.  6  :  Histogram  of  a)  Original  1-Iook,  b)  Box  filter,  c) 
Lee  filter,  d)  Modified  Lee,  e)  Kuan  filter,  f)  Modified 
Kuan 


Table  2  :  Equivalent  number  of  looks  (ENL)  by  the  filters 
on  a  1-look  simulated  image.  Filtering  is  performed  using 
a  5  by  5  windovy. _ 


Image 

ENL 

Original  simulated  1-look 

3.572 

Box  filter 

61.718 

Lee  filter 

37.058 

Lee  (modified)  filter 

46.530 

Kuan  filter 

56.801 

Kuan  (modified)  filter 

59.351 

/).  Simulated  flat  patterned  feature  terrain 

Evaluation  is  next  carried  out  using  the  patterned  feature 
(checkered  box)  terrain  as  developed  in  [7].  The  filters  are 
applied  again  and  the  contrast  at  the  sharp  edges  are  tabulated 
in  Table  2. 


Table  3  :  Averaged  contrast  at  sharp  edges  for  the  various 
filters. 


Simulated  1-look 
Image 

Averaged  contrast  at  sharp  edges 
(Gray  Levels  of  256) 

Box  filter 

22.92 

Lee  filter 

25.34 

Lee  (modified)  filter 

24.61 

Kuan  filter 

23.78 

Kuan  (modified)  filter 

23.89 

Results  show  that  the  modified  Lee  gives  a  lower  contrast 
at  edges  as  compared  to  the  original  algorithm.  As  for  the 
modified  Kuan  algorithm,  contrast  is  improved. 

VII.  CONCLUSION 

A  2nd  order  extension  of  the  adaptive  Lee  filter  has  been 
derived  and  we  have  used  it  to  make  modfications  to  the 
Kuan  filter.  Modifications  have  also  been  made  to  the  Lee 
using  empirical  reasoning.  Results  show  that  these  modified 
adaptive  algorithms  display  excellent  speckle  suppression 
ability.  Evaluation  has  been  carried  out  using  both  simulated 
images  as  well  as  an  actual  SEASAT  SAR  image.  We  have 
shown  that  the  modified  filters  are  able  to  give  better 
suppression  in  homogenous  terrain.  As  for  regions  of  farge 
terrain  back-scattering  variations,  better  compromises 
between  speckle  suppression  ability  and  feature  fidelity  have 
been  achieved.  The  modified  algorithms  are  also 
conceptually  simple  and  computationally  efficient. 
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Abstract  -  The  North  of  the  French  coastline  is  partly 
subject  to  coastal  erosion  that  is  due  to  the  sandy  coast 
retreat.  Many  dune  sectors  are  moving  because  of  the  wind 
dynamics  due  to  the  small  quantity  of  vegetation  on  their 
surface.  In  order  to  analyze  and  control  these  phenomena 
that  endanger  the  littoral  and  its  tourist  activities,  several 
scientific  programs  have  been  initialized  whose  a  part  uses 
the  aerial  remote  sensing  images. 

In  this  paper,  we  deal  with  the  coastal  environment  analysis 
by  image  processing.  The  algorithm  recognizes,  localizes 
and  quantifies  the  different  components  of  the  littoral  such 
as  the  sand,  the  dune  with  lime  grass  and  the  bush 
vegetation.  By  working  with  an  image  set  representing  the 
North  of  France  and  dating  from  the  sixties  to  our  days,  the 
algorithm  provides  the  evolution  thematic  map  of  the  site. 
From  an  algorithmic  viewpoint,  the  thematic  map  is 
obtained  by  an  unsupervised  method  of  classification  which 
is  independent  of  the  ambient  luminosity,  of  the  sensor 
adjustment,  of  its  altitude  and  of  its  orientation.  This  method 
belongs  to  the  family  of  SEM  algorithms  and  uses  the 
Bayesian  strategy  minimizing  the  error  of  classification. 

Our  algorithms  have  been  applied  to  a  set  of  images 
representing  the  region  of  Wissant  (Pas  de  Calais  -  France). 
As  result,  we  analyze  from  the  thematic  map  the  speed  of 
the  coast  line  retreat,  the  movement  of  the  dunes  on  the 
urban  zones  and  the  impact  of  the  plantation  program  on  the 
coastal  environment. 

L  Coastal  erosion 

On  a  world  scale,  coasts  have  a  tendency  to  erosion:  a  report 
realized  for  the  International  Geographical  [1]  shows  that 
more  than  70%  of  sandy  coasts  have  been  eroded  during  the 
last  decades,  against  20  to  30%  of  stable  and  less  of  10% 
prograding;  comparable  results  are  obtained  for  French 
coast.  The  Nord-Pas  de  Calais  coast  presents  this  general 
characteristic  as  well.  The  coast  is  eroding  at  a  speed  of 
Im/year  on  approximately  3/4  of  its  length,  reaching  locally 
7m/year  at  the  center  of  the  Wissant  Bay.  Cliffs  of 
Boulonnais  area  retreat  at  a  speed  of  0.2  to  0.5  m/year  [2]. 
These  phenomena  consequences  are  a  loss  of  ground  of  high 
ecological,  recreational  and  scientific  interest.  Damages  are 
also  caused  to  sea-walls  or  to  some  urban  zones  (Platier 
d’Oye,  Wissant..). 

Since  several  decades,  the  phenomenon  has  leaded  to  realize 
many  coastal  defenses.  They  fill  51  km  of  coast,  with  21  km 


of  harbors  piers.  2/3  of  the  regional  coast  (66  km  of  dunes, 
24  km  of  cliffs  and  7  km  of  estuaries)  remain  natural  [3]. 
Recent  studies  have  been  initiated  in  order  to  understand 
sedimentaiy  mechanisms  between  dunes,  beaches  and  the 
nearshore  area  in  areas  of  significant  extension  [4],  Indeed, 
the  phenomenon  of  erosion  indicates  a  sedimentaiy 
imbalance  between  dunes,  beaches  and  the  small  marine 
area.  Relevant  factors,  multiples  and  interactive,  are  linked 
to  the  global  context  (sea  -  level  variations)  of  the  sea, 
weakness  of  current  sedimentaiy  contributions).  Local 
parameters  are  natural  (tidal  current,  wind,  swell,  dune 
vegetation),  or  human  (houses,  tourist  activities). 

IL  Characterization  of  the  phenomena  by  image 

PROCESSING 

We  propose  an  image  segmentation  algorithm  for  the  study 
of  the  coastal  area  evolution.  The  aim  of  segmentation  is  to 
split  the  image  in  thematic  regions  [5]  (lime-grass  dune, 
black  dune  of  brushwood,  non-vegetalized  dune...).  Applied 
to  a  set  of  aerial  photography  images,  segmentation  provides 
a  dynamic  mapping  of  these  topics. 

ILl.  Models  for  the  images 

When  considering  statistical  segmentation  of  images  authors 
generally  suppose  the  existence  of  two  random  fields :  the 
field  of  “classes”  ^  ^  ^ 

measurements  X={X5:seS  }.  These  two  fields  are 
supposed  homogeneous  and  compound  of  independent 
random  variables.  Each  takes  its  value  in  a  finite  set 

Q  =  {cDj,  cd2,  CD3}  of  classes  where  ©1  =  ‘sand’,  ©2  -  ‘dune 

with  lime  grass’  and  ©3  =  ‘bush  vegetation’.  So  the  problem 
of  segmentation  is  the  problem  of  the  estimation  of  an 
ignored  realization  of  ^  from  an  observed  realization  of  X 

The  hierarchical  model  adopts  this  proceeding,  it  consists  of 
two  random  fields.  One  governs  the  grouping  of  the  pixels, 
called  region  process  and  the  other  consists  of  3  random 
fields  which  represent  the  noise  degraded  appearance  of  the 
nature  of  the  classes.  These  three  random  fields  modelize 
class  inherent  statistical  properties  and  system  inherent 
noise.  We  have  chosen  Kelly  and  Derin’s  image  model  for 
two  reasons. 
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IL3.  Bayesian  strategy 


Firstly,  this  model  clearly  points  out  the  idea  that  the 
"observed  noise"  is  not  only  a  worthless  disturbance,  but 
carries  information  on  the  nature  of  the  ground.  Secondly, 
the  hierarchical  character  fits  well  to  Bayesian  decision 
theory  and  this  model  allows  quite  easily  the  generation  of  a 
great  number  of  synthesized  images. 

Region  process  :  The  region  process  is  responsible  for  the 
distribution  of  pixels  within  the  different  classes.  An  image 
consists  of  a  few  different  region  types. 

Since  the  region  process  is  assumed  homogeneous  and 
independent,  its  distribution  is  entirely  defined  by  the 
probabilities  Hi  =  P^fcoi),  112  =  P4(®2)  and  fls  =  P^fcos). 

Noise  process  :  This  field  cannot  be  observed,  so  the  noise 
process  modelizes  the  marginal  statistics  of  each  type  of 
observed  nature.  In  case  of  optical  data,  the  distributions  of 
X  conditional  to  |  =  oo,  are  normal  N(|Xi,Oi^).  The  parameters 
Pi,ai^  are  different  from  a  class  to  another  and  also  on  the 
acquisition  moment.  Indeed  the  (Pi,CTi^)  parameters  are 
function  of  the  ambient  luminosity  and  the  vegetation 
growth  at  the  acquisition. 

Thus,  the  distribution  of  (^,X)  is  defined  by  P^,  the 
distribution  of  and  the  family  P^  of  distribution  of  X 
conditional  to  ^  =  ®. 

IL2.  SEM  ALGORITHM 

We  explain  in  this  paragraph  the  classical  SEM  algorithm. 
Its  aim  is  to  estimate  all  parameters  defining  the  components 
of  the  distribution  mixture. 

Initialization  ;  P^"®  and  parameters  defining  f^"®  are 
chosen  at  random. 

Step  S  :  For  each  Xj  we  draw  a  realization  e^xj)  from  the  set 
E  with  regards  to  the  conditional  distribution  knowing  Xj  = 

Xj.  We  obtain  a  new  partition  (Qi . Qk)^  of  image  in  K 

classes  with  the  help  of  the  couple  (Pjj,f^)^. 


Step  M  :  Parameters  defining  are  estimated  in  the 
selection  Qk*  by  the  classic  moment  method.  We  estimate 


P^^  by :  P^^  = 


car( 


•d(Qk) 


^  ^  *  k  card(S) 

step  E  :We  compute  the  distribution  Pk^'(®i)  and  return 
to  step  S. 


The  density  of  the  distribution  of  X  conditional  to  |  =  © 
and  the  distribution  of  the  classes  X  define  the  distribution 
of  (4,X)  and  therefore  the  conditional  distribution  of  ^ 
knowing  that  X  =  x,  which  we  denote  P’^.  The  Bayesian 
rule  Tg  for  a  0-1  cost  fimction  is  then  defined  by : 


rg(x):|<=>P’'[ll  =  supP’‘[e] 

S 

it  can  be  also  expressed  as  follow  : 

rg(x) ;  I  <=>  P|.fi  =  supPg.fx 

The  functions  are  called  "discriminating". 

m.  Results 

Applied  on  three  aerial  photographs  of  French  National 
Geographical  Institute  (IGN)  of  Wissant  West  surroundings 
in  1963,  1977  and  1989  (scale  :  1/20  000),  this  site  has  been 
chosen  for  two  reasons;  the  importance  of  the  erosion  and 
the  knowledge  acquired  on  its  evolution  in  the  framework  of 
several  in-situ  studies  [7,8]. 

After  a  preliminary  processing  ( the  scale  and  the  orientation 
of  the  three  plugs  of  views  are  adjusted),  these  images  are 
segmented  according  to  the  described  algorithm.  The 
knowledge  acquired  by  the  in-situ  data  are  therefore 
materialized  and  quantified  by  the  superposition  of  the  three 
segmented  images. 

Fig.  1,  2  represent  respectively  the  resulting  images  from 
year  1977  and  1989.  The  main  points  are  the  following: 

-  the  recession  of  the  line  of  coast  to  the  South  due  to  the 
marine  erosion;  whereas  the  front  of  dune  was  located  ahead 
of  military  blockhouses,  it  was  in  1989  behind  them. 

-  under  the  eolian  action,  the  dunes  move  towards  South  and 
East  in  1963  and  1977.  The  mobile  sands  of  the  dune  d’aval 
invade  the  wooded  zone  that  separates  it  from  the  urban 
zone,  and  the  marsh  of  Tardinghen  (Fig.  3).  This 
phenomenon  is  the  consequence  of  the  absence  of  dune 
vegetation.  In  1989,  the  dune  is  vegetalized,  thanks  to  the 
Pas  de  Calais  region  council  (espace  naturel  Regional)  and 
the  Conservatoire  du  Littoral. 

On  others  sites  of  the  regional  coast,  the  segmented  images 
point  out  the  progressive  colonization  of  the  dune  by 
vegetation  and  local  degradation  of  the  vegetation  due  to  the 
important  pedestrian  traffic. 

Future  developments  will  be  proposed  dealing  with  the 
coastal  erosion  for  better  mban  zone  management,  and  with 
the  dynamic  mapping  of  littoral. 
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Figure  2:  Segmented  image  (1989) 


Figure  1:  Segmented  image  (1977) 
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Abstract  -  Generation  of  an  integrated  set  of  remotely-sensed 
products  for  sea-ice  monitoring  and  modeling  is  tested  using 
AVHHR  data  of  the  Arctic  Beaufort  Sea  region  for  June  1992 
through  July  1993.  The  resulting  product  set  includes  a  suite 
of  parameters  applicable  to  energy  balance  calculations  and 
monitoring  of  detailed  sea  ice  processes.  Using  calibrated  and 
navigated  AVHRR  1.1  km  imagery,  cloud  fraction,  ice 
surface  temperature,  surface  albedo,  downwelling  radiative 
fluxes,  ice  motion  vectors,  and  cloud  properties  such  as 
optical  depth,  phase  and  droplet  effective  radius  are  estimated. 
Here,  we  describe  the  processing  strategy  and  use  these 
products  to  summarize  conditions  during  the  study  period. 

INTRODUCTION 

The  polar  regions  play  an  important  role  in  the  global 
climate  due  in  part  to  the  effects  of  sea  ice  cover  on  surface 
albedo  and  heat  transfer.  A  combination  of  observations, 
modeling,  and  remote  sensing  is  needed  to  gain  a  better 
understanding  of  sea  ice  variability  and  the  ice-climate 
system.  In  particular,  model  parameterizations  and  validation 
can  benefit  from  uniform,  gridded  data  products  that  are 
coincident  in  time  and  cover  large  areas  for  relatively  long 
time  periods.  Ideally,  these  data  products  should  describe  the 
distribution  of  the  ice  cover  and  the  energy  balance 
components  that  affect  growth  and  melt  of  the  ice  pack  [1]. 
Advanced  Very  High  Resolution  Radiometer  (AVHRR)  data 
is  capable  of  providing  many  of  these  parameters  over  a  time 
span  sufficient  to  study  interannual  variability. 

The  objective  of  this  work  is  to  demonstrate  the 
combination  of  fully-automated  algorithms  and  simple 
parameterizations  to  produce  a  suite  of  products  suitable  for 
monitoring  and  modeling  the  Arctic  ice-climate  system. 
These  products  include  cloud  fraction,  ice  surface  temperature 
and  albedo,  downwelling  radiative  fluxes,  ice  motion  vectors, 
and  cloud  properties  such  as  optical  depth,  phase  and  droplet 
effective  radius  for  the  Beaufort  Sea  region  in  the  Arctic 
Ocean. 

STUDY  AREA  AND  AVHRR  PRE-PROCESSING 

This  study  uses  NOAA-11  AVHRR  1.1  High  Resolution 
Picture  Transmission  (HRPT)  data  acquired  by  the  Canadian 
Atmospheric  Environment  Service  (AES)  at  their  Edmonton, 


Alberta  receiving  station.  The  region  studied,  from  69°  N  to 
80°  N  latitude  and  120°  W  to  150°  W  longitude,  is  defined  by 
the  Arctic  Ocean  coverage  available  within  the  Edmonton 
station  mask.  This  1.5  million  square  kilometer  area  includes 
the  Beaufort  Sea  and  portions  of  the  Canadian  Arctic  Basin. 

For  this  study,  AVHRR  images  were  collected  from  June 
12,  1992  to  August  4,  1993  with  a  two-month  data  gap  from 
August  14,  1992  to  October  11,  1992  and  other  smaller  gaps. 
Overall,  imagery  for  293  days  over  a  412  day  period  were 
purchased  from  AES.  Since  the  NOAA  satellites  are  in  sun- 
synchronous  orbits,  each  day’s  data  was  obtained  at 
approximately  the  same  time,  between  12:47  pm  and  3:30 
pm  local  time.  Five  channels  are  retrieved  from  the 
processing.  Two  visible  channels,  hereafter  referred  to  as 
Channel  1  and  Channel  2,  are  centered  at  approximately  0.6 
and  0.9  microns.  Thermal  channels  are  at  3.8  microns 
(Channel  3),  11.0  microns  (Channel  4),  and  12.0  microns 
(Channel  5).  The  AVHRR  images  have  a  nominal  field  of 
view  of  1.1  km  at  nadir. 

The  initial  processing  of  the  data  included  calibration  using 
NOAA-11  specific  coefficients,  and  precise  geolocation  using 
an  orbital  ephemeris  and  ground  control  points.  Channels  1 
and  2  were  calibrated  using  coefficients  developed  as  part  of 
the  NOAA/NASA  AVHRR  Pathfinder  Calibration  Working 
Group.  Non-linear  calibrations  obtained  from  NOAA  were 
applied  to  Channels  3,  4,  and  5. 

The  calibrated  data  were  georeferenced  to  earth  coordinates 
using  an  orbital  ephemeris  model  with  orbit  and  clock  time 
corrections  [2,  3]  to  yield  sub-pixel  registration  accuracy. 
Satellite  azimuth,  satellite  elevation,  solar  zenith  and  solar 
azimuth  were  calculated  from  the  date  and  time  of  each  pixel 
in  the  image  and  the  ephemeris  model.  The  result  is  a  suite 
of  once-per-day  16-bit,  1024  by  1024  pixel  images,  with  1.2 
kilometer  resolution  per  pixel,  for  each  of  the  five  AVHRR 
channels  and  the  four  angle  files. 

PRODUCT  GENERATION 

The  basic  processing  sequence  to  generate  the  product  suite 
from  the  calibrated  and  navigated  AVHRR  radiances  involves: 
cloud  detection  and  estimation  of  cloud  properties;  calculation 
of  clear-sky  surface  temperature  and  broadband  albedo; 
estimations  of  short  and  longwave  fluxes;  and  ice  motion 
calculations. 
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The  cloud  detection  routine  used  here  employs  AVHRR 
channels  3,  4  and  5  to  distinguish  between  clear  and  cloudy 
sky  [4],  Separate  procedures  are  used  for  daylight  and  polar 
night  conditions.  The  daytime  scheme  defines  channel  3 
reflectances  used  as  thresholds  to  detect  clouds.  The 
nighttime  mask  uses  the  difference  between  channel  4  and 
channel  5  brightness  temperatures  as  cloud-detection 
thresholds. 

Optical  depth,  effective  radius,  cloud  phase  and  cloud  top 
temperature  and  pressure  are  retrieved  using  the  Cloud  and 
Surface  Parameter  Retrieval  (CASPR)  software  toolkit  for 
AVHRR  analysis  [4].  CASPR  combines  a  variety  of 
parameterizations,  model-derived  lookup  tables,  and  radiative 
transfer  code  to  determine  the  cloud  properties,  as  well  as 
radiative  fluxes. 

The  surface  temperature  algorithm  is  a  function  of  channel 
4  and  5  brightness  temperatures  and  scan  angle  [5]. 

Top-of-the-atmosphere  (TOA)  measurements  by  AVHRR 
are  converted  to  surface  albedo  through  several  steps. 
Calibrated  channel  1  and  channel  2  TOA  values  are  corrected 
for  sun-satellite-surface  geometry  dependence  [6].  Then, 
narrow-band  surface  albedo  is  retrieved  by  correcting  the  TOA 
albedo  for  atmospheric  attenuation  [7].  Finally,  the  narrow- 
band  values  are  converted  to  broadband  albedo  for  clear  and 
cloudy  sky  conditions  individually. 

To  determine  ice  velocities,  two-dimensional  cross 
correlations  are  used  to  match  feature  locations  between  pairs 
of  co-registered  images  typically  separated  by  one  to  three 
days  [8].  Vectors  are  filtered  based  on  the  local  cross¬ 
correlation  coefficient  and  correlation  of  individual  vectors 
with  neighboring  vectors.  The  ice  velocity  is  calculated  by 
dividing  the  ice  displacement  in  a  pair  of  images  by  the  time 
between  the  images. 


RESULTS 

The  results  of  surface  temperature,  cloud  fraction,  and 
albedo  are  discussed  here  in  terms  of  means  summed  over  the 
entire  model  domain.  Monthly  average  surface  temperatures 
range  from  233  K  for  January  up  to  273  K  during  the 
summer.  These  are  within  the  expected  ranges  of  values  for 
this  region  and  compare  well  with  existing  climatologies  [9] 
and  data  sets  [10]  (Table  1)  and  other  analyses  of  AVHRR- 
derived  ice  temperatures  (e.g.  [12]). 

Monthly  mean  cloud  fraction  varies  from  45%  in  April  to 
near  80%  in  late  summer  and  fall  (Table  1).  The  AVHRR- 
derived  cloud  fractions  lie  between  the  observation-based 
climatology  [9]  and  the  International  Satellite  Cloud 
Climatology  Project  (ISCCP)  fractions  (an  average  of  cloud 
fractions  for  1984-1991).  Relative  to  observations,  both 
satellite-derived  data  sets  tend  to  underestimate  cloud  amount 
in  spring  and  summer,  but  the  difference  is  much  less 
pronounced  in  the  AVHRR  products  generated  here.  As  with 
the  temperature  data  cited  above,  comparisons  of  remotely- 
sensed  data  from  a  single  year  with  climatological  data  can 
only  provide  a  general  idea  of  the  agreement  among  the  data 
sets. 

Albedo  is  also  reasonably  consistent  with  previous  results 
(Table  1)  with  lower  values  in  spring  reflecting  some 
inclusion  of  coastal  ocean  in  the  study  area.  The  monthly 
average  albedo  is  a  high  of  0.75  in  April  and  then  drops 
sharply  to  0.45  by  the  summer. 

The  relatively  high  resolution  of  the  AVHRR  data  provides 
considerable  information  on  cloud  distribution,  morphology 
and  cloud  type.  Though  not  included  here,  these  cloud 
properties,  as  well  as  radiative  fluxes,  are  consistent  with  the 
ranges  of  values  expected  in  the  Arctic. 


Surface  Temperature 

Cloud  Cover 

Albedo 

(K) 

(%) 

(W/m2) 

avhrr 

E&C 
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78 

60 

IB 

- 

24 

-3 

27 
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56 

81 

50 
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- 

22 

-3 

21 
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45 

71 

41 
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- 

30 

-4 
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67 

78 

30 

0.70 

0.80 

0.78 

18 

-2 

- 
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272 

271 

59 

83 

30 

0.51 

0.80 

0.71 

1 

3 

15 
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272 
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50 

85 

39 

0.43 

0.45 

0.56 

-2 

-5 

15 
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272 

272 

269 

74 

81 

43 

0.44 

0.46 

0.53 

7 

-2 

- 
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- 

265 

262 

- 

85 

45 

- 

0.75 

- 

- 

-3 

20 
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249 

254 

248 

74 

89 

50 

- 

0.78 

- 

30 

1 

23 
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241 

246 

244 

77 

78 

48 

- 

0.80 

- 

31 

1 

33 
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236 

243 

241 

72 

78 

55 

- 

0.82 

- 

27 

-1 

23 

Table  1:  AVHRR-derived  parameters  and  comparison  with  model  and  observed  values.  (Comparison  values 
estimated  from  figures  in  [9,  10,  11,  12]). 
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As  noted  earlier,  ice  transport  is  a  key  element  controlling 
the  evolution  of  the  sea  ice  cover.  Thus,  it  is  useful  to  have 
ice  motion  information  available  in  conjunction  with  the 
energy-budget  related  products  described  above.  For  the 
Beaufort  series  considered  here,  AVHRR  provides  useful  long¬ 
term  ice  motion  calculation,  particularly  as  a  complement  to 
other  ice  motion  detection  schemes  (buoys,  SAR,  etc.),  and 
can  provide  detailed  ice  motion  information  where  cloud  cover 
permits  [13]. 

EXAMPLES  OF  COMBINING  MULTIPLE 
PARAMETERS 

To  demonstrate  the  utility  of  combining  these  various  data 
types,  we  investigated  the  relationship  between  the  AVHRR- 
derived  albedo  and  skin  temperature,  and  estimated  sensible 
heat  fluxes  using  AVHRR  temperatures  and  passive 
microwave-derived  (SSM/I)  ice  fractional  coverage.  For  areas 
with  at  least  50%  ice  cover  based  on  the  SSM/I  data,  mean 
albedo  in  spring  is  0.77  until  skin  temperatures  reach  about 
265  K,  at  which  point  albedo  decreases  linearly  at 
0.046/degree.  Climate  models  typically  prescribe  an  albedo 
decrease  beginning  at  273  K,  so  the  decrease  observed  here 
prior  to  melt  warrants  additional  investigation. 

Sensible  heat  fluxes  were  calculated  using  a  simplified 
version  of  the  strategy  of  [12],  with  the  AVHRR  temperature 
adjusted  slightly  to  represent  air  temperatures,  a  fixed  wind 
speed  of  5  m/s,  and  fluxes  estimated  separately  for  open  water 
(at  271.2  K)  and  ice  fractional  coverage  as  defined  by  the 
SSM/I  data.  The  relatively  large  mean  fluxes  (Table  1; 
positive  fluxes  represent  heat  loss  to  the  atmosphere)  likely 
reflect  the  inclusion  of  thin  ice  in  the  open-water  fraction 
estimated  by  SSM/I  as  well  as  the  marginal  ice  zone  character 
of  some  of  the  study  area. 

CONCLUSION 

A  year  long  AVHRR  data  set  of  the  Beaufort  Sea  region 
has  been  processed,  including  calibration  and  georeferencing. 
The  data  set  was  then  used  in  conjunction  with  several 
algorithms  to  calculate  surface  and  cloud  physical  parameters, 
which  show  good  agreement  with  previous  model  and 
observational  values.  This  time  series  of  a  suite  of  polar 
variables  should  prove  useful  for  a  variety  of  studies,  as 
demonstrated  by  the  brief  examples  here.  Work  is  underway  to 
produce  a  multi-year  time  series  of  polar  AVHRR  products  as 
part  of  the  NASA  Pathfinder  effort. 

ACKNOWLEDGMENTS 

Thanks  are  due  to  AES  and  NSIDC  for  data.  This  work  is 
funded  by  NASA’s  Mission  to  Planet  Earth  (MTPE)  and  the 
EOS  POLES  project. 


REFERENCES 

[1]  Barry,  R.G.,  M.C.  Serreze,  J.A.  Maslanik,  and  R.H. 
Preller,  The  Arctic  sea  ice-climate  system:  Observations 
and  modeling,  Reviews  of  Geophysics,  vol.  31,  4,  pp. 
397-422,  1993. 

[2]  Rosborough,  G.W.,  Baldwin,  D.G.,  and  W.J.  Emery, 
Precise  AVHRR  navigation,  Transactions  on  Geoscience 
and  Remote  Sensing,  vol.  32,  pp.  644-657,  1995. 

[3]  Baldwin,  D.,  and  W.J.  Emery,  Spacecraft  attitude 
variations  of  NOAA-1 1  inferred  from  AVHRR  imagery, 
Int.  J.  Remote  Sensing,  vol.  16,  531-548,  1995. 

[4]  Key,  J,,  The  Cloud  and  Surface  Parameter  Retrieval 
(CAS PR)  System  for  Polar  AVHRR:  User's  Guide, 
Version  l.OA,  Cooperative  Institute  for  Research  in 
Environmental  Sciences,  University  of  Colorado,  71 
pp.,  1995. 

[5]  Key,  J.  and  M.  Haefliger,  Arctic  ice  surface  temperature 
retrieval  from  AVHRR  thermal  channels,  Journal  of 
Geophysical  Research,  vol.  97(D5),  pp.  5885-5893, 
1992. 

[6]  Taylor  ,  V.R.  and  L.L.  Stowe,  Atlas  of  reflectance 
patterns  for  uniform  earth  and  cloud  surfaces  (NIMBUS-7 
ERB-61  days),  NOAA  Technical  Report  NESDIS  10, 
U.S.  Department  of  Commerce,  66  pp.,  1984. 

[7]  Koepke,  P.,  Removal  of  atmospheric  effects  from 
AVHRR  albedos.  Journal  of  Applied  Meteorology,  vol. 
28,  pp.  1341-1348,  1989. 

[8]  Fowler,  C.W.,  Ice  Motion  Derived  from  Satellite 
Remote  Sensing  with  Application  to  Ice  Studies  in  the 
Beaufort  Sea,  Doctoral  Thesis,  University  of  Colorado, 
June  1995. 

[9]  Ebert.  E.,  and  J.  Curry,  An  intermediate  one-dimensional 
thermodynamic  sea  ice  model  for  investigating  ice- 
atmosphere  interactions.  Journal  of  Geophysical 
Research,  vol.  98  (C6),  pp.  10085-10109,  1993. 

[10]  Banks,  H.C.,  and  E.N.  Partanen,  Meteorological 
observations,  in  Scientific  Studies  at  Fletcher’s  Island, 
T-3,  1952-1955,  vol.  II,  edited  by  V.  Bushnell,  pp.  1- 
49,  1959. 

[11]  Scharfen,  G.,  R.G.  Barry,  D.A.  Robinson,  G.  Kukla, 
and  M.C.  Serreze,  Large-scale  patterns  of  snow  melt  on 
Arctic  sea  ice  mapped  from  meteorological  satellite 
imagery,  Annals  of  Glaciology,  vol.  9,  pp.  1-6,  1987. 

[12]  Lindsay,  R.W.,  and  D.A.  Rothrock,  Arctic  sea  ice 
surface  temperature  from  AVHRR,  Journal  of  Climate, 
vol.  7  (1),  pp.  174-183,  1995. 

[13]  Fowler,  C.A.,  J.A.  Maslanik,  W.J.  Emery,  Observed 
and  simulated  ice  motion  for  an  annual  cycle  in  the 
Beaufort  Sea,  IGARSS  ‘94,  Pasadena,  CA,  pp.  1303- 
1305. 


75 


Evaluation  of  Remote  Sensing  Algorithms 
for  the  Retrieval  of  Optically-active  Components  in  Turbid  Natural  Waters 


Tiit  Kutser\  Alberto  Blanco^  and  Helgi  Arst^ 

1)  Estonian  Marine  Institute,  Lai  32,  Tallinn,  EE-0001,  Estonia 
Telephone:  +372  2  451  968;  Facsimile:  +372  6  313  004;  Email:  tiit@phys,sea.ee 
2)  Department  of  Geophysics,  University  of  Helsinki,  Fabianinkatu  24a,  Helsinki,  Finland 
Telephone:  +358  0  191  22028;  Facsimile:  +358  0  191  23385;  Email:  aIberto,blanco(®helsinki.ri 


Abstract  —  A  simple  mathematical  model  is  elaborated  for 
estimation  of  chlorophyll,  yellow  substance  and  suspended 
matter  concentrations  in  turbid  coastal  and  inland  waters 
from  diffuse  reflectance  spectra  of  the  water  body 
measured  using  remote  or  underwater  spectrometers. 
Measurements  were  carried  out  on  the  Baltic  Sea, 
Estonian  and  Finnish  lakes.  Correlation  between  measured 
and  estimated  by  means  of  model  calculations 
concentrations  of  optically  active  components  were 
calculated. 

INTRODUCTION 

Blue  to  green  ratios  or  the  same  kind  of  spectral 
characteristics  have  been  widely  used  in  remote  detection 
of  concentrations  of  optically  active  constituents  in  the 
water  bodies.  Chlorophyll  retrieval  algorithms  for  Case  I 
waters  were  elaborated  by  number  of  authors  ([1],  [2],  [3] 
and  many  others).  Situation  becomes  much  more 
complicated  if  to  try  to  estimate  concentrations  of 
optically  active  substances,  like  chlorophyll  pigments 
(CHL),  yellow  substance  or  dissolved  organic  carbon 
(DOC)  and  suspended  matter  (SM),  in  turbid  coastal  and 
inland  waters  using  water  reflectance  measurements. 
Some  success  has  been  achieved  in  estimation  of 
concentrations  of  optically  active  substances  in  turbid 
coastal  and  inland  waters,  but  remote  sensing  algorithms 
used  by  different  authors  seem  to  have  local  and  seasonal 
character  [4], [5], [6].  It  means  algorithms  that  were  useful 
in  estimation  of  chlorophyll  concentration  (for  example)  in 
one  particular  water  body  (or  region  of  water  body) 
cannot  be  used  for  the  same  purposes  in  the  other 
waterbody  (or  other  region  of  the  same  waterbody). 
Occur  that  remote  sensing  algorithms  are  depending  on 
stage  of  biological  activity  and  dominating  algae 
assemblage  in  the  water  body  besides  many  other  reasons. 
Huge  amount  of  measurements  is  needed  to  clear  up 
seasonal  changes  in  water  color  even  in  one  water  body. 

We  have  started  to  elaborate  a  simple  mathematical 
model  that  enables  to  calculate  diffuse  reflectance  spectra 
beneath  and  just  above  the  water  surface  to  avoid 
shortcomings  of  above  mentioned  method 

METHOD  DESCRIPTION 

The  main  principle  of  our  method  is  comparison  of  full 
modelled  water  color  spectrum  with  full  measured 
spectrum.  We  suppose  that  if  the  shape  and  multitude  of 
modelled  spectrum  is  close  to  measured  one  then 


concentrations  of  optically  active  substances  used  in 
calculation  of  the  most  closest  spectrum  correspond  to  real 
ones  in  the  water  under  investigation.  Note  that  for  this 
kind  of  comparison  normalised  spectral  curves  may  also  be 
used. 

To  build  up  our  model  we  assumed  that  there  are  three 
optically  active  constituents  in  the  water  that  influence  on 
water  reflectance  spectrum  in  visible  part  of  wave  band. 
They  are  chlorophyll  like  pigments,  dissolved  organic 
carbon  and  suspended  matter.  Under  these  conditions  the 
total  spectral  absorption  coefficient  of  the  water,  is 
described  by  the  following  formula: 

^CHLA^CHL  ^ DOC ,A^' DOC  ^ SM ,A^ SM  ^ 

where  a^^x.  is  the  spectral  absorption  coefficient  of  pure 
water;  Sicaux  ?  aDoc,;L,asM,3L  spectral  specific  absorption 
coefficients  of  chlorophyll,  dissolved  organic  carbon  and 
suspended  matter  respectively  and  Cchl?  Cdoci  and  Csm 
their  respective  concentrations  in  the  water.  The  values  of 
specific  absorption  coefficients  of  pure  water,  chlorophyll 
and  suspended  matter  were  obtained  from  Plass, 
Humphreys  and  Kattawar  [7].  The  values  of  aDoc,x.  were 
calculated  by  the  formula  from  Topliss,  Miller  and  Irvin 
[8]: 

^Doc,A  =  0-565  exp[-r{A  -  380)],  (2) 

where  y  =0.013±0.005  and  X  is  given  in  nm.  By  our 
investigation  y=0.017  is  the  best  value  for  describing 
specific  absorption  coefficient  of  DOC  in  the  Baltic  coastal 
waters,  Estonian  and  Finnish  lakes. 

The  total  backscasttering  coefficient,  h\  is  given  by 

b  A  -  0.5^^  +  P^SM.A^SM  ’  (^) 

where  bw,x  is  the  spectral  scattering  coefficient  of  the  pure 
water  and  bsM,x  Is  the  specific  scattering  coefficient  of 
suspended  matter,  P  is  the  ratio  of  the  hydrosol 
backscattering  coefficient  to  its  scattering  coefficient.  The 
values  of  bsM,;i  and  P  were  estimated  from  physical  models 
of  scattering  properties  of  sea  water  by  Kopelevich  [9].  It 
is  assumed  that  50%  of  scattered  light  scatters  backwards 
in  pure  water. 

On  the  basis  of  the  values  of  ax  and  b\  we  can  calculate 
the  diffuse  reflectance  of  the  water  (r^^x)  just  below  the 
water  surface  (z=  -  0)  using  formula  by  Kirk  [10].  To  use 
Kirk^s  formula  in  remote  sensing  we  used  assumption  that 
rD(z=  +0)  «  0.5rD(z=  -  0)  [11].  Then  we  get : 

=  +0)  *  0.5[(0.975  -  0.629//o)— ],  (4) 
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where  jXo  the  cosine  of  direct  solar  beam  in  the  water 
(after  refraction).  Note,  that  time,  date  and  place  of  the 
measurement  are  taken  into  account  through  solar  zenith 
angle. 

Different  combinations  of  optically  active  substances 
may  give  similar  shape  of  reflectance  spectra.  Therefore 
we  use  averaged  concentrations  from  three,  five  or  ten 
best  fitting  spectra  besides  the  closest  to  measured 
spectrum  in  correlation  analysis. 

Concentrations  of  DOC  we  put  in  the  model  (and  get  as 
results)  are  in  mg/1,  Cchl  are  in  mg/m^  and  Csm  ai'c  in 
relative  units  if  to  use  specific  absorption  and  scattering 
coefficients  from  above  mentioned  literature.  We  have 
investigated  relationship  between  concentrations  of  SM 
and  relative  units  of  SM  given  by  Plass  et  al.  [2].  After 
investigation  of  water  samples  appeared  that  1  mg/1  of 
suspended  matter  is  7-12  relative  units  in  the  case  of  the 
Baltic  Sea,  Estonian  and  Finnish  lakes.  We  used 
approximation  10  relative  units  =  lmg/1  to  give 
estimations  of  SM  in  physical  units. 

RESULTS  AND  DISCUSSION 

Field  experiments,  where  concentrations  of  all  three 
optically  active  components  of  water,  that  we  used  in  our 
model,  were  measured  simultaneously  with  optical 
measurements,  have  been  carried  out  in  1993  to  1995. 
During  the  first  year  small  Estonian  lakes,  Parnu  Bay  and 
Gulf  of  Riga  were  studied.  Telespectrometer  “Pegasus” 
was  used  for  remote  measurements.  In  1994  some  Finnish 
lakes  were  under  investigation,  besides  above  mentioned 
regions  and  in  1995  measurements  were  carried  out  also  in 
different  regions  of  the  Baltic  Sea,  LI-COR  1800UV 
underwater  spectrophotometer  was  used  in  1994  and  1995 
expeditions  simultaneously  with  remote  measurements. 

It  must  be  noted  that  both  remote  and  underwater 
spectral  measurements  data  can  be  used  in  evaluation  of 
our  model,  whereas  the  only  difference  between  using  our 
model  in  solving  optical  inverse  problem  in  the  water  and 
above  the  water  is  coefficient  0,5  in  formula  (4).  49 
stations  (15  during  two  expeditions  on  the  Baltic  sea  and 
34  during  four  expeditions  on  Estonian  lakes)  were 
investigated  in  1993  and  underwater  spectral 
ineasurement  data  was  collected  in  six  lakes  (12  stations) 
in  1994.  Five  Finnish  and  seven  Estonian  lakes  were 
investigated  twice  during  summer  1995  and  expeditions 
on  R/V  Aranda  and  Marina  were  carried  out  in  different 
regions  of  the  Baltic  Sea.  Concentrations  of  CHL  varied 
from  0.51  to  38.3  mg/m^;  DOC  from  1.15  to  91  mg/1  and 
SM  from  1.5  to  26  mg/I. 

Water  reflectance  spectra  just  beneath  the  water  surface 
were  calculated  from  LI-COR  1800UV  measurements 
dividing  upwelling  diffuse  radiance  spectrum  with 
downwelling  radiance  spectrum.  Different  scattering 
models  were  used  in  our  model.  The  best  results  were 
obtained  when  P=0.17  (P=0.02  in  clear  Case  I  waters). 
Better  results  were  achieved  in  estimation  of  DOC  and 
CHL  in  lake  waters.  The  correlation  between  measured 
chlorophyll  concentration  and  estimated  by  our  model  is 


0.94  and  correlation  between  measured  and  estimated 
yellow  substance  concentration  is  0.91,  Comparison  of 
normalised  to  wavelength  520  nm  spectral  curves  were 
used  to  obtained  these  results.  Correlations  are  worse  if  to 
compare  not  normalised  spectra  (0.55  and  0.76 
correspondingly).  Correlation  between  measured  and 
calculated  suspended  matter  was  weak.  Correlation 
coefficient  R=0.62  and  not  normalised  spectra  were  used 
to  obtain  this  result.  Due  to  “grey”  absorption  spectrum 
suspended  matter  influences  more  on  absolute  values  of 
reflectance  spectra  than  the  shape  of  spectra  and  therefore 
using  of  normalised  spectra  is  not  reasonable. 

Problems  appeared  in  interpretation  of  remote 
measurement  data.  Correlation  coefficients  between 
measured  and  calculated  concentrations  of  optically  active 
substances  were  below  0.7  if  we  put  together  sea  and  lake 
measurements.  Correlation  coefficients  were  0,7  between 
measured  and  calculated  CHL  and  0.75  between 
measured  and  calculated  DOC  for  marine  expeditions 
separately.  For  some  expeditions  correlation  coefficients 
were  as  high  as  0.95  for  CHL  and  0.92  for  DOC,  but  even 
separation  of  marine  and  lake  results  did  not  give  us  good 
correlation  between  measured  and  calculated 
concentrations  of  suspended  matter.  Exceptional  case  was 
expedition  on  Estonian  lakes  in  May  1993  (8  lakes)  when 
correlation  between  measured  and  calculated  SM  was  0.86 
and  correlation  between  measured  and  calculated  DOC 
was  0.3. 

Grid  steps  of  concentrations  in  model  calculations  were 
not  constant.  To  minimise  calculation  time  we  used 
smaller  grid  steps  for  smaller  concentrations  and  raised  it 
step  by  step  to  higher  concentrations.  Selection  of  grid 
steps  was  made  visually  looking  on  effect  of  different 
concentrations  of  each  substance  on  the  shape  of 
reflectance  spectra.  Occurred  that  decreasing  of  grid  step 
made  possible  to  obtain  better  correlations  between 
measured  and  calculated  concentrations  of  CHL,  DOC 
and  SM,  but  optimising  of  the  grid  steps  is  essential  for 
reasonable  calculation  time.  Decreasing  grid  steps  a  little 
bit  may  cause  increasing  of  calculation  time  from  seconds 
to  hours  and  still  not  give  us  better  correlation  coefficients 
between  measure  and  estimated  concentrations  of 
optically  active  substances.  At  present  it  takes  20-30 
seconds  on  PC  with  90  Mhz  Pentium  processor  to 
compare  a  measured  spectrum  with  calculated  spectra 
and  obtain  estimations  of  concentrations  of  chlorophyll, 
yellow  substance  and  suspended  matter  in  the  water 
under  investigation.  The  model  could  be  also  used  in 
interpretation  of  remotely  measured  images  whereas 
computational  time  per  pixel  is  small. 

In  most  of  cases  concentrations  of  CHL,  DOC  and  SM 
obtained  from  the  best  fitting  spectrum  gave  better 
correlations  with  measured  concentrations  of  optically 
active  substances  than  concentrations  obtained  by 
averaging  of  concentrations  from  three,  five  or  ten  most 
closest  spectra. 

It  must  be  noted  that  the  shape  of  reflectance  spectra  is 
very  sensitive  to  small  concentration  changes  especially 
when  concentrations  of  other  ingredients  are  low,  but  the 
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same  effect  may  occur  in  case  of  higher  turbidity,  too  .  For 
example  small  increase  of  yellow  substance  concentration 
may  overshadow  influence  of  relatively  high 
concentrations  of  chlorophyll  in  blue  region  of  visible 
spectrum.  The  opposite  effect  may  occur  with  high 
concentrations  of  suspended  matter.  There  exists  certain 
saturation  level  where  increase  of  concentration  of 
suspended  matter  do  not  influence  shape  and  multitude  of 
diffuse  reflectance  spectra. 

To  test  efficiency  of  our  model  we  compared  our  results 
with  chlorophyll,  yellow  substance  and  suspended  matter 
concentration  estimations  obtained  by  means  of  color 
index  method.  We  used  turbid  water  algorithms  proposed 
by  Tassan  [3]  for  interpretation  of  SeaWiFS  data: 


Xc=[R(X2)/R(X5)]  IR(X,)/R(A,3)]  ®  ® 

(5) 

Xy=[R(A.,)/R(X3)]R(X2)"'® 

(6) 

Xs=[R(X5)+R(X6)]  [R(X,3)/R(Xs)]-‘-' 

(7) 

log(CHL)=0.36-4.381og(Xe) 

(8) 

log(Ay(440)=-4.36-6.081og(Xy) 

(9) 

log(SM)=1.82+1.231og(X3) 

(10) 

Here  yellow  substance  concentration 

is  expressed 

through  absorption  coefficient  in  wavelength  440  nm,  and 
reflectances  R(Ai)  are  measured  in  SeaWiFS  sensors 
wavelengths  i=412,443, 490,510,555, 670  nm.  Correlation 
coefficient  between  measured  concentrations  of  optically 
active  substances  and  calculated  by  formulae  (5-10)  is 
below  0.4  that  is  lower  than  correlations  between 
measured  CHL,  DOC  and  SM  values  and  our  estimations 
made  using  the  above  described  model. 


CONCLUSIONS 


The  efficiency  of  this  method  depends  essentially  on  the 
validity  of  the  mathematical  model  describing  the 
reflectance  spectra.  The  principle  difficulty  is  with  the 
detailed  description  of  absorption  and  scattering 
properties  of  optically  active  material  in  the  water  (i.e. 
different  types  of  phytoplankton  pigments,  organic  and 
inorganic  substances),  especially  the  determination  of 
backscattering  coefficients.  Our  estimations  show  that 
scattering  (and  backscattering)  coefficients  presented  in 
handbooks  and  monographs  (mainly  for  the  open  ocean 
waters)  are  unsuitable  for  turbid  coastal  and  inland 
waters. 

Data  about  vertical  distribution  of  optically  active 
substances  in  euphotic  zone  is  needed  to  test  the  model. 
Water  samples  for  CHL,  DOC  and  SM  measurements, 
taken  from  surface  layer  only,  cannot  be  used  in  case  of 
lakes  where  concentrations  of  optically  active  substances 
may  vary  significantly,  due  to  stratification. 

More  information  is  necessary  on  the  type,  size 
distribution  and  backscattering  properties  of  living  and 
non-living  suspended  matter.  Bigger  particles  may  give  us 
higher  SM  concentrations,  but  they  do  not  influence 
proportionally  to  their  concentration  on  optical  properties 
of  the  water  under  investigation.  There  are  also  problems 
with  the  determination  of  chlorophyll  specific  absorption 
coefficients:  due  to  package  effect  those  coefficients  may 
differ  more  than  twice  for  the  same  phytoplankton  species 


growing  under  different  illumination  conditions.  Data 
about  scattering  and  absorption  properties  of  dominating 
algae  species  should  improve  applicability  of  the  model  for 
certain  water  body  or  region  under  investigation. 

In  spite  of  the  difficulties  related  with  elaboration  of  the 
model  our  results  confirm  the  understanding  that  the 
correlation  of  optical  remote  sensing  data  with 
concentrations  of  optically  active  substances  in  the  water 
is  not  a  random  phenomenon  even  in  turbid  waters  and  it 
is  possible  to  get  qualitatively  authentic  results  of  spatio- 
temporal  changes  of  those  characteristics  using  optical 
remote  sensing  and  model  simulations. 
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ABSTRACT 

The  authors  developed  an  algorithm  of  sea  traffic 
monitoring  using  JERS-l/OPS  that  observes  a  stereo  pair 
image  in  one  orbit.  The  stereo  pair  consisting  of  forward  and 
nadir  viewing  has  an  observation  time  g^  about  20  seconds. 
Measuring  the  displacement  of  moving  objects  on  the  pair 
image,  we  can  obtain  the  speed  vectors.  Traffic  information  in 
any  sea  area  can  be  obtained  under  the  same  condition 
through  this  procedure. 

This  study  focuses  on  a  comparison  of  sea  traffic  patterns 
in  Tokyo  Bay  and  Osaka  Bay.  This  work  also  discusses  the 
performance  of  OPS  data  and  its  applicability  for  general 
speed  vector  measurements. 

INTRODUCTION 

Sea  traffic  in  Tokyo  Bay  was  restricted  in  the  period  of  the 
construction  of  the  Trans-Tokyo  Bay  Highway.  Sea  traffic 
condition  during  the  restriction  period,  on  September  9,  1992, 
was  observed  by  OPS  data.  Contrary  to  this,  the  condition 
in  restriction-ft-ee  period  also  was  analyzed  using  the  OPS  data 
on  February  19,  1994.  Two  results  show  an  influence  of 
construction  against  the  sea  traffic  in  Tokyo  Bay.  Number  of 
anchored  ships  in  Osaka  Bay  was  found  to  be  relatively  small. 
This  is  ckie  to  the  dfference  of  Tokyo  and  Osaka  Bays  in  the 
routes  connecting  the  bay  area  and  the  open  sea.  It  depends 
upon  also  the  dfference  of  location  of  petrochemical  facilities 
in  two  bay  areas. 

Ships  are  navigated  freely  in  Osaka  Bay  because  of  no 
navigation  control.  Contraries  to  this,  all  large  ships  are 
controlled  in  Tokyo  Bay  by  the  Tokyo-Wan  Traffic  Advisory 
Service  Center  to  avoid  the  traffic  accident  in  the  narrow 
channel. 

TEST  SITE  AND  DATA 

JERS- 1/OPS  characteristics  are  as  follows. 

Swath  width  75  km 

Ground  resolution  18.3m  x  24.2m 

Stereo  angle  15.3® 

VNIR  spectral  bands  : 

Bandl  0.52-0.60  ^  m  (Nadir  View) 

Band2  0.63-0.69  fi  m  (Nadir  View) 

Band3  0.76-0.86  fx  m  (Nadir  View) 


Band4  0.76-0.86  ^x  m  (Forward  View) 

Data  used  in  this  study  were  stereo  image  products,  in 
which  a  stereo  pair  image  was  projected  to  the  UTM  and 
recorded. 

Test  site  of  Tokyo  and  Osaka  Bay  are  shown  in  Fig.l,  and 
followings  JERS-1 /OPS  data  are  used  in  this  study. 

(1)  Tokyo  Bay  observed  on  Sep.  9.1992 

(2)  Tokyo  Bay  observed  on  Feb.  9.1994 

(3)  Osaka  Bay  observed  on  July. 22. 1993 


Fig.l  Test  site 

GENERATION  OF  VECTOR  MAP 
Registration  process  is  required  for  accurate  measurement 
of  the  moving  objects.  About  10  GCPs  are  selected  from 
the  coastal  area  Because,  the  image  observed  by  forward 
viewing  is  distorted  by  earth  surface  undulation.  The 
orientation  accuracy  was  fitted  into  one  pixel  and  geometric 
correction  was  done  by  referring  the  nadir  image. 

After  the  correction,  a  stereo  pair  image  became  possible  to 
composite  each  other  on  the  cfi splay.  The  color  composite 
image  show  the  dsplacements  of  moving  object.  So,  the 
moving  speed  was  calculated  by  the  displacement  divided  by 
time  gap.  They  were  shown  by  the  expanded  arrow  in  green 
color,  and  yellow  circle  for  anchored  ship. 

A  flow  of  this  process  is  as  follows,  and  generated  speed 
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vector  maps  of  Tokyo  and  Osaka  Bay  are  shown  in  Fig. 2, 
Fig.3  and  Fig. 4.  The  number  of  ships  are  shown  in  Table  1 

(1)  Selection  of  GCP  and  orientation. 

(2)  Geometric  correction  of  forward  view  image. 

(3)  Color  composition  of  stereo  pair  image. 

(4)  Measurement  of  the  displacement  of  moving  objects. 

(5)  Overlay  of  the  speed  vectors  on  the  color 
composite  image. 


Table  1  Detected  ships  in  the  image  of  Tokyo 
Bay  and  Osaka  Bay. 


Image  Name 


Anchored 


Navigating 


Total 


Fig.  3  Vector  map  of  Tokyo  Bay  in  1994 


Tokyo  Bay  m  11992 

140 

282 

422 

Tokyo  Bay  m  1994 

189 

338 

527 

Osaka  Bay  k  1993 

32 

454 

486 

Fig.  2  Vector  map  of  Tokyo  Bay  in  1992 


Fig.  4  Vector  map  of  Osaka  Bay  in  1993 
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COMPARISON  OF  SEA  TRAFFICS 
IN  TOKYO  BAY 

Sea  traffics  in  Tokyo  Bay  which  was  restricted  by  Trans- 
Tokyo  Bay  Highway  construction  in  1992  and  1994  were 
compared.  In  the  image  of  1992,  all  navigating  ships  were 
avoiding  the  constructing  area.  Therefore,  sea  traffics  were 
crowded  at  the  sea  front  of  Kawasaki  and  Yokohama  city.  In 
the  image  of  1994,  sea  traffics  became  possible  to  navigate  in 
the  constructing  area.  Magnified  images  around  the 
constructing  area  were  shown  in  Fig.  5  and  Fig.  6.  The 
influence  of  construction  to  the  sea  traffics  are  estimated  from 
comparison  of  these  vector  maps. 


Fig.5  Vector  map  around  the  constructing  area  in  1992 


Fig.6  Vector  map  around  the  constructing  area  in  1994 

COMPARISON  OF  SEA  TRAFFICS  IN 
TOKYO  AND  OSAKA  BAY 

There  are  some  differences  of  sea  traffic  in  Tokyo  and 
Osaka  Bay. 


(1)  The  number  of  large  or  anchored  ships. 

(2)  The  navigation  control. 

Some  reasons  of  the  above  differences  were  dscussed  as 
follows. 

In  Tokyo  Bay,  one  narrow  channel  is  connecting  the  bay 
and  sea  In  Osaka  Bay,  two  channels  are  connecting  them. 
HowevCT,  each  channels  of  Osaka  Bay  are  narrower  than  the 
one  of  Tokyo.  In  narrow  channel,  large  ships  dsturb  the  other 
ship  navigation.  Because,  slow  speed  and  large  body  are 
effect  to  other  small  ship  navigation.  Therefore,  in  Osaka  Bay, 
petrochemical  facilities  are  located  on  the  out  of  the  bay. 

In  Tokyo  Bay,  all  ships  are  navigated  regularly,  but  in 
Osaka  Bay,  they  are  navigated  freely.  Because,  in  the  Tokyo 
Bay,  navigation  of  all  ships  are  controlled  by  Tokyo-Wan 
Traffic  Advisory  Center,  Howev^,  in  Osaka  Bay,  ships 
navigation  are  not  controlled. 

CONCLUSION 

This  study  finds  the  following  facts  concerning  with  the 
performance  of  JERS-l/OPS  data 

1 .  Minimum  size  of  moving  objects  that  can  be  recognized 
as  ship  by  the  18  m  resolution  needs  to  be  larger  than  about 
50  meters.  Moving  object  of  less  than  one  pixel  can  be 
detected  in  the  pair  image,  but  it  is  dfficult  to  be 
discriminated  from  the  other  object  or  noise. 

2.  Observation  time  gap  of  about  20  seconds  is  suitable  for 
the  detection  of  moving  objects  as  ships  on  the  sea 
Accuracy  of  the  measured  speed  depends  upon  the  image 
registration  accuracy.  When  obtaining  the  accuracy  of  one 
pixel  registration,  the  accuracy  of  speed  veaor  becomes 
within  about  1.5  knots. 

3.  Sea  traffic  of  main  J^anese  bays  as  Tokyo  and  Osaka 
Bays  expand  over  the  sea  area  about  several  tens  of  kilometers. 
Field  of  view  of  75  km  in  the  JERS-l/OPS  is  the  minimum 
size  for  this  kind  of  observation. 
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Abstract  -  The  potential  for  near-real-time  NASA  Scatter¬ 
ometer  (NSCAT)  data  to  contribute  to  operational  marine 
forecasting  is  described.  A  description  of  the  NSCAT  Value 
Added  Product  (VAP)  activity  —  an  effort  to  provide  near-real¬ 
time  wind  images  to  the  public  and  operational  forecasters  — 
is  presented. 

INTRODUCTION 

Spaceborne  scatterometers  are  radar  instruments  specifi¬ 
cally  designed  to  measure  ocean  surface  wind  speed  and 
direction.  This  technique  was  initially  demonstrated  with  the 
1978  flight  of  the  Ku-Band  Seasat  Scatterometer  (SASS)  [1], 
and  has  most  recently  been  demonstrated  with  the  successful 
operation  of  the  C-band  ERS-1  scatterometer  [2].  In  August  of 
1996,  the  Ku-Band  NASA  Scatterometer  (NSCAT)  will  be 
launched  aboard  the  Japanese  Space  Agency  Advanced  Earth 
Observation  Satellite  (ADEOS)  [3].  NSCAT  will  operate  for 
three  years  and  make  accurate  measurements  of  ocean  surface 
wind  speed  and  direction  in  two  600  km  swaths  on  either  side 
of  the  spacecraft,  thus  providing  a  significant  expansion  and 
improvement  of  the  current  scatterometer  data  base. 

The  application  of  scatterometer  data  to  oceanographic  and 
climatological  research  is  well  documented  [4].  Ocean  wind 
stress  is  a  primary  factor  in  driving  ocean  circulation  and  thus 
the  global  energy  balance.  In  addition  to  its  applicability  to  the 
study  of  wind  forced  ocean  circulation  and  global  climate 
change,  scatterometer  wind  data,  made  available  to  users  on  a 
sufficiently  timely  basis,  is  also  of  great  value  in  mesoscale 
and  synoptic-scale  marine  forecasting.  It  is  these  “opera¬ 
tional”  applications  of  the  NSCAT  data  which  are  the  focus  of 
this  paper. 

OPERATIONAL  APPLICATIONS 

Several  potential  operational  applications  of  scatterometer 
data  have  been  noted  elsewhere  [5],  Below  we  include  a  list  of 
several  areas  where  scatterometer  measurements  are  likely  to 
have  the  highest  impact. 

A.  Marine  Hazard  Warning:  Perhaps  the  most  noteworthy 
operational  application  of  scatterometer  data  is  determining 
the  location,  structure,  and  strength  of  storms  at  sea.  Severe 
marine  storms  —  which  include  tropical  cyclones  (hurricanes, 
typhoons)  and  mid-latitude  cyclones  —  are  among  the  most 


destructive  of  all  natural  phenomena.  In  the  United  States 
alone,  hurricanes  have  been  responsible  for  at  least  17,000 
deaths  since  1900,  and  hundreds  of  millions  of  dollars  in  dam¬ 
age  annually.  If  worldwide  statistics  are  considered,  the  num¬ 
bers  are  substantially  higher.  Although  typically  not  as  violent 
as  tropical  cyclones,  severe  mid-latitude  storms  nevertheless 
exact  a  heavy  toll  in  casualties  and  material  damage  [5]. 
Cloud  imagery  from  satellites  has  significantly  enhanced  the 
forecasters  ability  to  detect  and  track  storms.  Scatterometer 
data  will  augment  these  familiar  images  by  providing  a  direct 
measurement  of  the  surface  wind  to  compare  to  the  cloud  pat¬ 
terns.  Scatterometer  data  can  thus  assist  in  the  identification  of 
the  storm  center  locations,  storm  related  fronts,  and  the  loca¬ 
tion  of  the  most  damaging  winds  within  the  storm  structure. 
Scatterometer  derived  winds  can  also  be  used  as  inputs  to 
models  that  forecast  wave  height  and  flooding. 

B.  Ocean  Ship  Routing:  Scatterometer  observations  of 
winds  can  be  of  particular  significance  to  ocean  going  cargo 
ships.  In  today’s  world  of  international  commerce,  billions  of 
dollars  worth  of  food,  fuel,  raw  materials,  and  manufactured 
goods  are  transported  by  sea  yearly.  Besides  the  benefits 
derived  from  the  ability  of  NSCAT  to  locate  and  identify 
storms  which  may  cause  harm  to  vessels  or  crew,  satellite 
wind  data  can  also  allow  sea  captains  to  cheirt  their  courses 
more  efficiently.  With  a  knowledge  of  the  winds,  the  ship  mas¬ 
ter  can  choose  a  route  to  avoid  heavy  seas  or  high  headwinds 
which  can  slow  the  ship’s  progress  and  consume  an  excessive 
amount  of  fuel.  Previous  to  the  flight  of  spaceborne  scatterom¬ 
eters,  ship  captains  had  to  rely  completely  on  sporadic  and 
potentially  unreliable  reports  from  other  ships,  and  widely 
spaced  measurements  from  buoys.  A  satellite  based  instru¬ 
ment  allows  a  much  more  regular  and  extensive  assessment  of 
the  winds.  This  is  particularly  advantageous  in  remote  regions 
of  the  world  where  there  are  few,  if  any,  other  wind  measure¬ 
ments. 

C.  Drilling  and  Mining  Operations:  Oil  and  gas  production 
has  been  undertaken  at  many  offshore  sites  around  the  world  - 
-  the  Gulf  of  Mexico,  the  North  Sea,  and  the  Persian  Gulf 
being  prominent  examples.  Thorough  knowledge  of  the  his¬ 
toric  wind  and  wave  conditions  at  a  specific  location  are 
important  to  the  appropriate  design  of  drilling  platforms. 
Accurate  knowledge  of  the  current  sea  state  as  well  as  warn¬ 
ings  of  impending  storms  are  critical  to  safe  and  efficient  drill¬ 
ing  operations.  In  the  event  of  an  oil  spill,  the  surface  wind  is 
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a  key  factor  in  determining  how  the  oil  will  spread.  Wind  data 
from  NSCAT  can  thus  be  used  by  clean-up  and  containment 
crews  to  minimize  the  environmental  impact  of  such  a  disaster. 

NSCAT  SYSTEM 

The  NASA  Scatterometer  (NSCAT)  is  scheduled  for  launch 
aboard  the  Japanese  Advanced  Earth  Observing  Satellite 
(ADEOS)  in  August  1996.  The  NSCAT  instrument  is  a  Ku-band 
radar  which  measures  global  ocean  surface  wind  speeds  and 
directions  at  up  to  25  km  resolution.  The  wind  measurement  is 
accomplished  by  first  measuring  the  normalized  backscatter  cross 
section  (Gq)  of  the  ocean  at  three  different  azimuth  angles  and 
two  different  polarizations  using  eight  fan-beam  antennas.  Wind 
vectors  are  then  retrieved  during  ground  data  processing  using  an 
empirical  geophysical  model  function  which  relates  Gq  to  wind 
speed  and  direction. 

The  NSCAT  system  offers  several  enhancements  over  previ¬ 
ous  scatterometers.  With  respect  to  S  ASS,  which  measured  back¬ 
scatter  cross  section  at  two  azimuth  angles  on  either  side  of  the 
spacecraft,  NSCAT  makes  additional  measurements  at  a  third  azi¬ 
muth  angle.  This  has  been  demonstrated,  both  in  analyses  and 
with  the  ERS-1  experience,  to  greatly  enhance  the  ability  of 
ground  processing  to  remove  wind  direction  ambiguities  which 
are  inherent  to  the  wind  retrieval  process  [3].  Because  NSCAT 
has  two  600  km  swaths  on  either  side  of  the  spacecraft,  the  over¬ 
all  ocean  coverage  will  be  enhanced  relative  to  the  ERS-1  and 
ERS-2  systems.  NSCAT  will  cover  approximately  77%  of  the 
worlds  oceans  in  24  hours,  and  95%  in  48  hours.  This  will  be  a 
particular  advantage  to  operational  users,  for  whom  measurement 
coverage  and  revisit  time  is  extremely  important  in  order  to  fol¬ 
low  fast-developing  meteorological  phenomena. 

The  main  NSCAT  science  data  stream  will  be  sent  from  Japan, 
and  processed  to  winds  by  the  Science  Data  Processing  System 
within  two  weeks.  The  science  data  stream  will  be  calibrated  and 
Earth  located  to  a  very  high  accuracy.  The  NSCAT  science  data 
will  be  distributed  to  researchers  via  the  Physical  Ocean  Distrib¬ 
uted  Active  Archive  Center  (PODAAC). 

NEAR  REAL-TIME  PROCESSING 

Although  the  main  science  data  stream  has  the  high  accuracy 
necessary  for  research  purposes,  it  is  not  available  on  a  suffi¬ 
ciently  timely  basis  for  use  by  operational  users.  To  allow  near 
real-time  access  by  operational  users,  NOAA,  in  coordination 
with  NASA  and  JPL,  has  invested  in  a  satellite  data  downlink  and 
wind  processing  infrastructure  that  will  allow  access  to  scatter¬ 
ometer  wind  measurements  within  2-4  hours  after  data  take. 

As  the  first  element  of  the  near  real-time  processing  system, 
the  scatterometer  data  will  be  downlinked  directly  from  ADEOS 
to  NASA  ground  receiving  stations  at  Wallops  Island,  Virginia, 


and  at  the  Alaska  SAR  facility  in  Fairbanks,  Alaska.  Each  down¬ 
link  pass  over  these  stations  will  playback  the  most  recently 
acquired  NSCAT  data. 

From  the  ground  receiving  stations,  the  data  will  be  transmit¬ 
ted  to  NOAA  in  Suitland,  Maryland  for  wind  processing.  For  this 
step,  JPL  has  developed  a  special  version  of  the  NSCAT  wind 
processor  which  is  able  to  generate  wind  estimates  from  the  raw 
data  in  near  real-time  —  ten  minutes  of  processing  for  each  orbit’s 
worth  of  NSCAT  data.  Although  the  radiometric  and  Earth  loca¬ 
tion  accuracy  is  not  to  the  high  research  standards  of  the  main 
science  product,  the  near  real-time  product  generated  by  NOAA 
is  judged  to  be  of  sufficient  accuracy  for  operational  users  where 
the  timeliness  of  the  data  is  all  important.  The  NOAA  scatterom¬ 
eter  data  will  be  provided  to  the  National  Meteorological  Center 
(NMC)  for  the  development  of  improved  numerical  forecasts,  the 
National  Hurricane  Center  for  the  study  of  severe  tropical  storms, 
and  other  domestic  and  international  operational  weather  organi¬ 
zations. 

VALUE  ADDED  PRODUCTS 

As  an  additional  effort  to  foster  the  utilization  of  scatterometer 
data  by  the  public  and  the  operational  meteorological  community, 
the  NSCAT  project  at  JPL  has  initiated  the  Value  Added  Product 
(VAP)  activity.  The  VAP  activity,  working  very  closely  with  the 
larger  NOAA  near  real-time  effort,  will  also  receive  and  process 
the  NSCAT  data  in  near  real-time.  A  “value  added”  step  will  then 
be  performed  to  create  images  to  be  made  available  to  the  public 
via  the  Internet.  The  goal  of  the  valued  added  images  is  to  display 
the  wind  data  in  a  visually  informative  way,  and  provide  a  conve¬ 
nient  means  of  access  by  commercial  and  educational  users. 

One  important  element  of  the  value  added  processing  is  the  co¬ 
registration  of  NSCAT  wind  data  with  geosynchronous  cloud 
imagery.  Such  a  visual  correlation  will  add  additional  informa¬ 
tion  to  traditional  cloud  images.  For  instance,  hurricanes  begin 
their  lives  as  rather  ill-defined  masses  of  clouds  in  the  Eastern 
tropical  Atlantic.  The  addition  of  scatterometer  wind  data  to  these 
images  will  clearly  identify  features  where  strong  cyclonic  circu¬ 
lation  has  begun  to  form. 

Another  value  added  step  to  be  performed  is  the  interpolation 
of  NSCAT  data  between  swaths.  Successive  NSCAT  orbits  do  not 
touch  each  other  at  the  equator  or  mid-latitudes,  and  thus  produce 
gaps  in  coverage  for  short  time  periods.  Furthermore,  a  400  km 
“nadir  gap”  exists  in  the  center  of  the  swath  about  the  ADEOS 
orbit  track.  To  allow  users  to  view  a  continuous  near  real-time 
wind  field,  it  is  necessary  to  invoke  a  two  dimensional  spatial 
interpolation  scheme.  The  interpolation  technique  must  match  the 
“true”  data  within  the  swath  with  a  minimum  of  smoothing,  while 
providing  a  reasonably  accurate  estimate  of  the  “missing”  data. 
To  accomplish  this,  an  interpolation  scheme  based  on  the  objec¬ 
tive  analysis  approach  will  be  employed  [6].  Taking  advantage  of 
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current  display  technology,  animations  of  the  wind  field  data  will 
also  be  created  for  transfer  over  the  Internet.  In  addition  to  being 
simply  a  novelty,  animation  is  capable  of  visually  emphasizing 
features  not  readily  apparent  in  still  images. 

CONCLUSIONS 

Scatterometer  data  has  the  potential  to  revolutionize  areas  of 
operational  marine  forecasting.  To  explore  and  support  the  devel¬ 
opment  of  scatterometer  data  for  operational  users,  NASA  and 
NOAA  are  sponsoring  efforts  to  provide  near  real-time  wind 
products  to  the  public  and  the  meteorological  community. 
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ABSTRACT 

The  Advanced  Very  High  Resolution  Radiometer  (AVHRR) 
images  collected  from  NOAA  polar  orbiting  operational 
satellites  were  used  in  this  study.  The  Laplacian  of  the  Gaussian 
(Mexican  hat)  wavelet  transform  can  be  used  as  an  edge  detector 
to  separate  the  high/low  sea  surface  temperature  (SST)  areas 
from  ambient  water.  The  histogram  of  each  satellite  image  will 
first  be  examined  for  ocean  feature  enhancement  by  gray  scale. 
The  enhanced  image  will  then  be  wavelet  transformed  with 
various  scales  to  separate  various  texture  or  features.  The 
Mexican  hat  wavelet  will  be  used  as  a  band-pass-filter,  and  its 
first  derivative  as  a  threshold  for  feature  detection.  Heuristic 
edge  linking  methods  will  be  used  to  further  enhance  the  images. 
Finally,  a  binary  image  can  be  produced  in  order  to  reduce  the 
data  volume.  By  overlaying  sequential  binary  images  from 
different  imaging  time,  the  evolution  of  mesoscale  features  such 
as  fronts,  oil  spills,  and  eddies  can  be  monitored  by  wavelet 
analysis  using  satellite  data  from  subsequent  passes. 


INTRODUCTION 

A  new  method  for  time-varying  signal  analysis,  called  the 
Wavelet  Transform,  has  been  developed  for  image  processing 
at  NASA/GSFC  during  the  past  three  years,  and  gives  spectral 
decompositions  via  the  scale  concept.  Basically,  wavelet 
transforms  are  analogous  to  Fourier  transforms,  but  are  localized 
both  in  frequency  and  time,  i.e.,  they  enable  the  study  of 
processes  by  localizing  their  properties  in  both  time  and 
frequency  [1]. 

The  two-dimensional  wavelet  transform  is  a  highly  efficient 
band-pass-filter,  which  can  be  used  to  separate  various  scale 
processes  and  shows  their  relative  phase/location  information 
[2].  Two-dimensional  Gaussian  wavelet  (often  referred  to  as 
Mexican  hat)  transform  of  SAR  imagery  for  small  scale  features 
can  be  used  with  threshold  as  an  edge  detector.  In  the  marginal 
ice  zone  study  by  Liu  et  al.  [3],  the  ice  edge  in  each  SAR  image 
has  been  delineated  by  using  two-dimensional  wavelet  transform. 

The  combined  use  of  AVHRR,  SeaWiFS/OCTS,  and  ERS- 
2/RADARSAT  SAR  can  provide  frequent  high  resolution 


coverage  of  the  coastal  area  for  the  evolution  study  of  processes 
caused  by  sea  surface  temperature,  high  pigment  or  surface 
roughness  from  a  sequence  of  satellite  images  of  the  coastal 
zone.  Simultaneous  satellite  images,  in-situ  measurements  from 
moorings  and  ship  operations,  and  wind  records  from  buoys  and 
meteorological  stations  can  be  used  to  detect  and  monitor  the 
ocean  environment.  By  using  repeat  satellite  coverage,  the 
mesoscale  features,  such  as  internal  waves,  ship  wakes,  fronts, 
ice-edge  meanders,  oil  spills,  surface  slicks,  upwelling,  and 
eddies  associated  with  coastal  processes  can  be  tracked  through 
multitemporal  satellite  data  analysis  lead  to  an  important  data 
product:  satellite  derived  maps  for  tracking  mesoscale  features 
in  the  coastal  zone. 

In  this  paper,  wavelet  analysis  of  sequential  SST  images  from 
Bering  Sea  and  th '  Persian  Gulf  (the  Gulf  of  Oman)  will  be 
demonstrated  for  feature  tracking  and  the  corresponding  oceanic 
processes  will  be  interpreted. 

TWO-DIMENSIONAL  GAUSSIAN  WAVELET 

The  wavelet  transform,  Ws(a,b),  of  a  function,  s(r),  where  r  = 
(x,y),  is  expressed  in  terms  of  the  complex  valued  wavelet 
function,  w(r),  as  follows  : 

W/a,b)=J I s(r)wjj,(r)  dr 

=  lla^-  j js(r) w '  [(r-bya]  dr  ^  ^ 

in  which  the  wavelet  function  is  dilated  by  a  factor  a,  and  shifted 
by  b.  The  function  w(r)  is  the  basic  wavelet  which  must  satisfy 
the  admissibility  condition,  but  is  otherwise  subject  to  choice 
within  certain  limits.  The  superscript  *  indicates  complex 
conjugate.  For  data  analysis,  the  mother  wavelets  frequently  used 
are:  a  Gaussian  modulated  sine  and  cosine  wave  packet  (the 
Morlet  wavelet);  the  second  derivative  of  a  Gaussian  (the 
Mexican  hat).  In  this  study,  the  analyzing  wavelet  is  defined  as 
the  second  derivative  of  a  Gaussian  as  follows: 

W(x,y)  =  1/  a  •  [2-(x^+y^)/<2^]-exp[--(x^-i-/)/2/fl^]  (2) 
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Since  convolution  is  commutative  with  respect  to  differentiation, 
the  resulting  wavelet  transform  is  the  Laplacian  of  a  Gaussian 
smoothed  function. 

WAVELET  ANALYSIS  FOR  FEATURE  TRACKING 

AVHRR  data  will  first  be  examined  with  coastal  land  and  clouds 
masked.  The  histogram  of  each  subscene  will  also  be  examined 
for  data  screening.  The  promising  subscenes  will  then  be  wavelet 
transformed  with  various  scales  to  separate  various  texture  or 
features.  The  Laplacian  of  the  Gaussian  (Mexican  hat)  wavelet 
will  be  used  as  a  band-pass-filter,  and  its  first  derivative  as  a 
threshold  for  feature  detection.  Heuristic  edge  linking  methods 
will  be  used  to  enhance  the  images.  Finally,  a  binary  image  can 
be  produced  in  order  to  reduce  the  data  volume.  By  overlaying 
binary  images  from  subsequent  passes,  the  evolution  of 
mesoscale  features  such  as  ice  edge,  fronts,  surface  film,  ship 
wakes,  and  eddies  can  be  monitored  by  wavelet  analysis. 

Fronts 

The  Mexican  hat  wavelet  transform  can  be  used  as  an  edge 
detector  to  separate  dark  areas  from  bright  areas  in  the  image.  An 
AVHRR  image  of  512  *  512  pixels  (with  pixel  spacing  of 
0.01  °)  of  sea  surface  temperatures  collected  over  the  Bering  Sea 
on  April  27,  1995  during  the  FOCI  field  program  is  shown  in 
Fig.  1.  First  the  cloud/land  and  ocean  features  are  separated  by 
using  different  gray  scales  for  different  temperature  ranges. 
Then,  the  cloud  and  Aleutian  Islands  (dark  areas)  are  delineated 
by  the  white  lines  and  the  ocean  surface  high  temperature 
features  (brighter  areas)  are  extracted  by  dark  lines  using  wavelet 
transforms  with  a  small  scale  (a  ^  4  units  of  pixel  spacing)  as  an 
edge  detector  with  a  threshold  about  1.5  and  0.5  standard 
deviation,  respectively.  The  method  of  edge  linking  based  on  the 
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Fig.  1.  An  AVHRR-channel  4  image  of  Bering  Sea  from 
April  27,  1995  with  clouds  and  islands  delineated  by 
white  lines  and  high  sea  surface  temperature  areas  by 
dark  lines  processed  by  the  wavelet  transform. 


neighboring  point  was  applied  and  the  short  segments  were 
removed.  By  combined  use  of  gray  scale  and  wavelet  transform, 
we  can  detect  (with  gray  scale),  track  (with  wavelet  transform), 
and  enhance  (with  edge  linking)  the  satellite  images. 

Oil  Slicks 

Satellite  remote  sensing  has  become  a  useful  tool  to  study 
marine  pollution  [4, 5].  For  tracking  of  temperature  front,  we  can 
use  sequential  AVHRR  images.  Figure  2a  shows  an  AVHRR 
image  with  512  *  512  pixels  (pixel  spacing  of  1  km)  of  the  Gulf 
of  Oman  collected  on  March  31,  1994  at  12:47  UT.  Note  that  the 
land  has  higher  temperature  during  the  daytime,  and  an  oil  spill 
with  mild  temperature  located  behind  the  sharp  turn  in  the  Strait 
of  Hormuz.  Similar  procedure  is  applied  as  in  the  previous  case 
to  separate  the  land  and  ocean  features  by  using  different  gray 
scales  for  different  temperature  ranges.  The  wavelet  transform 
with  a  small  scale  (a  =  4)  and  the  threshold  of  one  standard 
deviation  are  used  to  separate  the  land  (white  contours)  and  high 
ocean  temperature  front  (black  contours).  The  same  procedure  is 
applied  to  the  AVHRR  image  of  the  same  area  collected  on  April 
1, 1994  at  1:21  UT  in  Fig.2b.  Note  that  the  land  now  has  lower 
temperature  at  night,  and  the  oil  spill  has  disappeared  in  the 
image.  The  oil  spill  may  not  have  a  significant  different 
temperature  signature  from  the  surrounding  water  at  night  or  it 
may  be  sinking  below  the  water  surface.  By  overlaying  two 
wavelet  transformed  images,  a  schematic  diagram  can  be  drawn 
to  show  the  approximated  flow  pattern  by  following  the  motion 
of  frontal  features.  Note  that  three  small  eddies  persist  near  the 
frontal  boundary.  This  type  of  analysis  can  help  for  the 
numerical  modeling  of  flow  circulation  in  the  Strait. 
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Fig.2a.  An  AVHRR-channel  4  image  of  the  Gulf  of  Oman 
from  March  3 1 , 1994  processed  by  the  similar  procedure 
as  in  the  previous  case  of  Bering  Sea. 
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Fig.2b.  An  AVHRR-channel  4  image  from  April  1,  1994  at 
the  same  position  as  in  Fig.2a.  The  land  now  has  lower 
temperature  at  night. 
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Fig.3.  A  schematic  diagram  derived  by  overlaying  the  feature 
lines  in  Fig.2a  and  Fig.2b. 

COASTAL  MONITORING  AND  DISCUSSION 

The  NOAA  CoastWatch  program  provides  near  real-time 
mapped  satellite  and  in-situ  data  and  information  for  U.S.  coastal 
waters  for  hazard  warning,  ice  and  ocean  monitoring,  and 
environmental  management  [6],  A  development  project  is 
underway  to  add  SAR  data  and  products  to  the  CoastWatch 


product  suite.  One  of  the  major  areas  of  interest  will  be  the  coast 
of  Alaska.  We  plan  to  evaluate  the  use  of  the  wavelet  transform 
techniques  for  the  automated  analysis  of  SAR,  AVHRR,  and 
SeaWiFS  images  to  detect  ocean  features  for  CoastWatch 
applications.  The  developed  algorithms  will  be  transferred  to  the 
NOAA  CoastWatch  program  and  will  be  applied/tested  in  other 
U.S.  coastal  areas. 

In  this  paper,  the  wavelet  transform  has  been  applied  to 
satellite  AVHRR  imagery  and  we  have  demonstrated  the 
feasibility  of  this  technique  for  feature  extraction.  The  evolution 
of  mesoscale  features  such  as  fronts,  oil  slicks,  and  eddies  can  be 
easily  tracked  by  the  wavelet  analysis  using  satellite  data.  The 
wavelet  transforms  of  satellite  images  can  be  used  as  a  near  real¬ 
time  "quick  look"  of  satellite  data  screening  (feature  detection), 
data  reduction  (binary  image),  and  image  enhancement  (edge 
linking).  Wavelet  analysis  can  provide  a  more  cost-effective 
monitoring  program  that  would  keep  track  of  changes  in 
important  elements  of  the  coastal  ecosystem.  Reliable  imaging 
of  such  mesoscale  features  by  certain  sensors  (e.g.,  SAR,  ocean 
color  and  IR)  and  definition  of  the  conditions  under  which 
imaging  is  possible  will  provide  the  understanding  of  processes 
caused  by  sea  surface  temperature,  high  pigment  or  surface 
roughness. 
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Abstract  Distinct  coral  chlorophyll  fluorescence  peaks  have 
been  measured  in  the  field  using  an  Analytical  Spectral 
Device  (ASD)  radiometer.  Bleached  coral  reveals  a  distinctly 
different  reflectance  spectra  than  healthy  coral  due  to  the 
presence  of  photosynthetic  pigments.  This  spectral  difference 
provides  the  distinction  necessary  to  identify  bleached  coral 
from  a  remote  sensing  platform  with  a  sensor  of  spectral 
sensitivity  similar  to  that  of  the  ASD.  Field  results  are 
presented,  and  potential  remote  sensing  applications  aie 
discussed  in  the  context  of  in  situ  profile  radiometer  measures 
for  the  optical  correction  of  hyperspectral  airborne  imagery. 

INTRODUCTION 

Coral  reefs  are  considered  sensitive  indicators  of  climate 
variability,  and  thus  it  is  important  to  monitor  their  state  of 
health.  A  healthy  coral  possesses  symbiotic  zooxanthellae 
which  is  the  photosynthetic  pigment  that  gives  the  coral  its 
color.  When  corals  are  subjected  to  any  stress  (thermal 
pollution,  extreme  water  temperature  change  resulting  from 
El  Nino-Southern  Oscillation  (ENSO)  events,  decreased 
salinity,  etc.),  they  expel  their  zooxanthellae  thus  loosing 
their  color  and  becoming  bleached.  Traditionally,  surveying 
of  coral  reefs  has  been  done  via  ship  and  SCUBA  divers;  both 
methods  are  expensive  and  often  subjective.  Furthermore, 
these  methods  are  inaccurate  when  dealing  with  large,  or 
inaccessible  regions,  so  remote  sensing  is  being  evaluated  as 
a  potential  alternative  for  precisely  monitoring  coral  health  on 
a  regional  scale. 

In  preparation  for  future  airborne  hyperspectral  remote 
sensing  endeavors  in  identifying  coral  health,  we  have 
investigated  the  hypothesis  that  bleached  corals  are  spectrally 
dissimilar  to  healthy  corals  on  the  basis  of  chlorophyll 
fluorescence.  The  exact  location  of  spectral  peaks  of 
chlorophyll  fluorescence  differs  between  species  [1],  but 
distinct  natural  fluorescence  peaks  can  be  found  at 
approximately  700  nm.  We  hypothesize  that  this  difference  in 
amount  of  zooxanthellae  can  be  identified  with  sensitive 
hyperspectral  devices  and  used  as  the  basis  for  monitoring 
coral  bleaching  events  over  time  which  would  be  of  use  in 
climate  change  studies. 

STUDY  AREA 

Beqa  Lagoon,  in  the  Fiji  Islands  of  the  South  Pacific  (15®- 
23®  S  -  177®  E-178®  W),  is  390  km^  and  almost  entirely 
surrounded  by  its  own  barrier  reef  of  volcanic  origin.  The 
particular  location  of  Beqa  Lagoon  is  suitable  for  this  type  of 
exploratory  work,  as  it  is  relatively  unaffected  by  external 


oceanic  influences  which  ensures  roughly  consistent  water 
optical  properties.  The  water  is  extremely  clear,  particularly 
in  the  winter  season,  with  near-surface  chlorophyll  values 
estimated  to  be  less  than  0.2  mg  m‘^  [2].  The  clarity  and 
homogeneity  of  the  water  is  maintained  by  its  constrained 
nature,  lack  of  major  incoming  tributaries,  and  low  surface 
chlorophyll.  In  addition,  the  lagoon  is  easily  accessible  by 
boat,  and  extensive  local  knowledge  of  the  surrounding  coral 
reefs  allowed  for  expeditious  sampling  techniques. 

The  in  situ  water  temperature  profile  indicates  a  well-mixed 
upper  60  m,  with  no  thermocline  apparent  (Fig.  1  A).  This  is 
significant  since  chlorophyll  fluorescence  has  a  maximum  at 
the  base  of  the  thermocline  which  is  indicative  of  a 
population  of  phytoplankton  supported  by  nutrients  from 
below  [3].  It  can  therefore  be  assumed  that  there  is  no 
phytoplankton  bloom  to  complicate  substrate  identification. 
Photosynthetically  available  radiation  (PAR)  is  attenuated 
with  no  significant  deviations  from  the  characteristic 
logarithmic  profile  that  is  to  be  expected  from  pure  water  [2], 
(Fig.  IB). 

DATA  COLLECTION 

Nadir  hyperspectral  target  radiance  was  collected  with  a 
hand-held  Analytical  Spectral  Device  (ASD)  field 
spectrometer  from  a  variety  of  individual  targets  such  as 
bleached  coral  and  assorted  species  of  healthy  coral.  These 
high  spectral  resolution  field  measurements  were  taken  at 
high  tide  in  a  flat  bottom  boat,  so  that  the  instrument  could 
be  as  close  to  the  substrate  as  possible  and  water  optical 
attenuation  could  be  minimized.  In  addition,  great  care  was 
taken  to  ensure  a  cloudless  sky  at  the  time  of  radiance 
measurement.  Simultaneous  photographs  were  taken  of  the 
substrate  with  a  Nikonos  V  underwater  camera,  so  that  the 
various  individual  targets  could  be  catalogued  with  their 


Fig.  1 A  is  the  temperature  profile  revealing  a  lack  of  a 
thermocline;  Fig.  IB  is  the  log  of  PAR  profile  revealing  a 
lack  of  a  phytoplankton  bloom. 
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Water  optical  properties  were  measured  with  a  Profiling 
Reflectance  Radiometer  (PRR-600)  in  the  SeaWiFS  bands: 
412,  443,  488,  510,  560,  665,  683nm.  This  dropsonde  was 
allowed  to  drop  from  the  side  of  the  boat  collecting  reflected 
radiance  and  incoming  irradiance  at  incremental  depths 
throughout  the  water  column.  A  hand-held  Global 
Positioning  System  (GPS)  was  used  to  record  geographic 
location,  while  a  sonar  verified  the  water  depth  measurements 
taken  by  the  PRR-600, 

ANALYSIS 

Several  processing  steps  are  involved  in  converting  ASD 
spectra  from  raw  radiance  values  to  calibrated  reflectance. 
These  include  reference  panel  calibration;  solar  zenith  angle 
determination;  spectral  and  angular  interpolation;  and 
reflectance  computation  [4].  The  approach  outlined  by  [4]  is 
quite  flexible  in  that  panel  calibration  data  for  any  solar  zenith 
angle  can  be  derived  based  on  a  procedure  for  spectral  and 
angular  interpolation  of  panel  measurements  obtained  over  a 
range  of  view  angles  [4]. 

Over  one  hundred  in-water  hyperspectral  reflectance  profiles 
collected  with  the  ASD  hyperspectral  radiometer  of  substrates 
ranging  from  dead  coral  debris  to  healthy  coral  were  plotted 
and  compared.  A  healthy  coral  profile  is  compared  to  that  of 
bleached  coral  in  Fig.2.  A  spectral  peak  in  reflectance  at 
approximately  760  nm  is  apparent  in  all  profiles  of  healthy 
corals  due  to  the  presence  of  chlorophyll  in  the 
photosynthetic  zooxanthellae.  In  contrast,  the  profiles  of 
bleached  coral  and  dead  coral  debris  reveal  a  distinct  lack  of 
any  such  spectral  peak  indicating  a  lack  of  photosynthetic 
zooxanthellae.  These  findings  are  consistent  with  accepted 
theories  on  coral  bleaching  which  state  that  a  coral  will  turn 
white  when  it  expels  its  photosynthetic  zooxanthellae. 


Fig,  2:  The  fluorescence  reflectance  peak  in  the  healthy 
coral’s  spectra  is  at  760  nm,  but  is  noticeably  absent  in  the 
bleached  coral’s  spectra. 


radiance  and  thus  the  least  attenuation. 

The  radiance  profiles  collected  by  the  PRR-600  characterize 
the  optical  extinction  of  light  with  increased  depth.  The 
wavelength  which  is  least  attenuated  by  water  is  488nm 
(Fig.3)  but  there  is  little  distinction  between  bottom  types  in 
this  wavelength  (Fig.4).  Unfortunately,  there  is  considerable 
attenuation  of  light  in  the  wavelengths  capable  of  sensing  the 
fluorescence  peak,  so  it  may  only  be  possible  to  use  this 
technique  in  shallow  waters  of  10-15  meters. 

For  future  remote  sensing  applications  of  coral  reef 
mapping,  an  attenuation  coefficient  will  be  required  to  remove 
the  effects  of  the  water  column  from  the  coral  signal.  The 
slope  of  the  log  of  radiance  versus  depth  provides  an  estimate 
of  the  amount  of  energy  attenuated  with  increased  depth,  as  in 
Fig.5. 

DISCUSSION 

These  field  data  reveal  an  exciting  possibility  for  accurate 
identification  of  areas  of  coral  bleaching  using  an  airborne 
hyperspectral  remote  sensing  platform.  The  spatial  and 
spectral  resolution  of  satellite  sensors  are  inappropriate  for 
such  sensitive  mapping.  For  example,  the  SPOT  HRV  sensor 
operates  in  wavelengths  unsuitable  for  detecting  fluorescence, 
and  its  spectral  resolution  (20x20m)  further  complicates  the 
detection  of  individual  features. 

Alternatively,  the  Compact  Airborne  Spectrographic 
Imager  (casi )  system  is  compatible  with  ASD  wavelengths, 
and  could  thus  be  a  feasible  option  for  remotely  identifying 
coral  bleaching.  The  spectro-radiometer  data  were  not  corrected 
for  the  water  volume  attenuation  of  energy  with  increased 
depth,  as  the  data  were  collected  very  near  the  surface. 
However,  if  the  casi  system  is  to  be  used  for  identification  of 
coral  bleaching  at  greater  water  depths,  an  attenuation 
coefficient  would  have  to  be  applied  to  correct  for  the 
logarithmic  reduction  of  light  energy  through  the  water 
column  near  the  700nm  wavelengths. 
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Fig.4:  There  is  little  distinction  between  the  albedos  of 
healthy  and  dead  coral  at  488nm  (from  PRR-600 
measurements). 

The  PRR-600  wavelength  which  corresponds  most  closely 
to  the  fluorescence  peaks  collected  by  the  ASD  is  683nm,  so 
the  slope  of  this  profile  could  be  used  in  reflectance  algorithm 

(1)  by  [6]  to  correct  remotely  sensed  imagery  for  the  effects  of 
water  attenuation.  The  reflectance  values  are  taken  from  the 
remotely  sensed  image,  the  attenuation  coefficient  from  the 
slope  of  in  situ  irradiance  profiles  (Fig.5),  and  the  depth  from 
bathymetric  soundings.  The  resulting  albedo  of  the  bottom 
surface  can  then  be  considered  unaffected  by  the  water  column. 

Rx  =  R«x+(ArR  Jexp(-2K,Z)  (1) 

where  R^^  =  Reflectance  below  water 

=  Reflectance  of  deep  water 
=  Albedo  of  bottom 
=  Attenuation  Coefficient 
Z  =  Depth 

The  approximate  400  to  900  nm  spectral  sensitivity  of  casi 
airborne  data  coupled  with  algorithm  (1)  would  be  appropriate 
for  mapping  of  bottom  albedo  on  a  regional  scale.  The 
catalogued  spectral  signatures  measured  by  the  ASD  could 
then  be  used  to  classify  a  bottom  albedo  map  to  determine 
areas  of  bleached  corals.  The  spectral  and  spatial  resolution 
attainable  with  this  airborne  sensor  is  superior  to  that 
possible  using  a  satellite  sensor,  so  a  more  sensitive  analysis 
could  be  performed  on  a  regular  basis. 

The  implications  for  coastal  zone  management  are 
enormous.  With  an  established  data  base  of  coral  spectral 
signatures,  regular  over-flights  with  the  casi  system  would 
enable  repetitive  processing  of  coral  bleaching  maps  to  be 
analyzed  over  time  to  monitor  environmental  change.  Since 
coral  reefs  appear  to  be  sensitive  to  large-scale  climatic 
processes  such  as  the  well-known  ocean-atmosphere 
phenomenon  of  the  El  Nino-Southern  Oscillation,  impacts 
could  be  effectively  monitored  over  time.  Similarly,  corals  are 


sensitive  to  industrial  pollution,  river  runoff  and  deforestation 
sedimentation,  which  could  all  be  regulated  more  closely 
through  repetitive  mapping  of  coral  reef  ecosystems. 


RADIANCE  jiiWatts/cm^/nm 

Fig.5:  The  slope  of  the  log  of  radiance  vs  depth  estimates  the 
optical  attenuation  of  energy  through  the  water  column  in 
these  wavelengths. 
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Abstract  —  This  paper  deals  with  the  study  of  westward¬ 
travelling,  long-wavelength  Rossby  waves  in  the  North 
Atlantic  from  TOPEX/POSEIDON  altimeter  data.  Nearly 
three  years  of  altimeter  data  have  been  used,  starting  from 
November  1992,  in  order  to  investigate  the  variability  of  this 
phenomenon.  Corrections  which  are  applied  to  the  data  set 
are  briefly  described:  they  account  for  radar  propagation 
effects  and  geophysical  phenomena  such  as  ocean  tides.  After 
applying  these  corrections,  we  analyse  time  series  of  sea 
surface  height  anomalies  to  find  the  signature  of  Rossby 
waves.  This  analysis  is  carried  out  in  a  hybrid  spatial- 
temporal  frequency  domain.  It  allows  us  to  determine  the 
wavelength,  period  and  phase  speed  of  the  various  signals 
which  are  present  in  this  region.  The  results  show  evidence  of 
Rossby  waves  which  are  particularly  noticeable  in  the 
latitude  range  33°-35°  N.  Detailed  results  are  given  in  the 
paper  for  latitude  34°  N.  In  particular,  as  the  waves  generated 
in  the  eastern  basin  traverse  the  Mid- Atlantic  Ridge  a  change 
in  the  wavelength  and  speed  of  the  propagating  energy  is 
observed. 


INTRODUCTION  AND  BACKGROUND 

The  northeast  Atlantic  has  traditionally  been  a  region  of 
interest  for  physical  oceanographers  and  many  observations 
have  been  gathered  in  order  to  elucidate  the  regional  ocean 
circulation.  Satellite  observations  are  particularly  useful  to 
observe  medium  and  large-scale  features  of  the  circulation.  In 
particular,  altimeter  measurements  of  sea  surface  height 
(SSH)  allow  one  to  monitor  propagation  of  long- wavelength 
Rossby  waves. 

Rossby  or  planetary  waves  arise  from  the  conservation  of 
potential  vorticity  when  a  water  parcel  is  displaced  northward 
or  southward  from  a  position  of  equilibrium.  They  appear  as 
large-scale  undulations  which  tend  to  propagate  zonally  in  a 
westward  direction  across  the  ocean  basins.  Tokmakian  and 
Challenor  [1]  and  Le  Traon  and  De  Mey  [2]  have  reported 
Geosat  altimetric  evidence  for  periodic  SSH  signals  in  the 
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northeast  Atlantic  with  typical  wavelengths  of  300-1200  km 
and  periods  of  120-700  days.  Some  of  these  signals 
correspond  to  Rossby  waves.  Moreover,  analysis  of  Along- 
Track  Scanning  Radiometer  (an  instrument  on  ERS-1) 
average  sea  surface  temperature  data  has  shown  thermal 
features  propagating  westward  at  about  2  km/day  [3].  The 
present  study  utilises  nearly  three  years  of  data  from  the 
state-of-the-art  TOPEX/POSEIDON  (T/P)  radar  altimeter. 

A  satellite  altimeter  measures  its  height  above  the  sea 
surface  by  means  of  radar  reflection.  The  shape  of  the  sea 
surface  is  determined  primarily  by  the  Earth’s  gravitational 
field  and,  to  a  much  smaller  degree,  by  the  dynamics  of 
ocean  circulation.  In  order  to  convert  the  altimeter  height  into 
a  quantity  of  use  to  oceanographers,  accurate  satellite 
tracking  is  required  together  with  various  atmospheric  and 
geophysical  range  corrections  [4].  The  SSH  signal  due  to 
ocean  circulation  is  obtained  by  taking  the  difference  of  the 
satellite's  range  to  the  sea  surface  and  the  computed  height  of 
the  satellite’s  orbit  above  a  reference  ellipsoid,  and  then 
removing  an  estimate  of  the  geoid.  Atmospheric  corrections 
compensate  for  the  effect  of  radar  propagation  delays  due  to 
the  presence  of  the  ionosphere,  and  air  and  water  vapour  in 
the  atmospheric  column.  Geophysical  corrections  account  for 
tides  (solid  earth,  ocean  and  polar),  inverse  barometer  effect 
and  electromagnetic  bias  (arising  from  the  radar  backscatter 
cross-section  being  larger  at  wave  troughs  than  at  crests). 


DATA  PROCESSING 

The  T/P  data  used  in  this  study  were  extracted  from  the 
geophysical  data  records  (GDRs)  provided  on  CD-ROMs  by 
AVISO.  The  data  extracted  from  the  GDRs  consist  of  geo- 
located,  approximately  one-second  average  SSH  estimates. 
An  area  of  the  Atlantic  Ocean  was  selected  between 
longitudes  5°-75°  W  and  latitudes  10°-60°  N  (see  Figure  1). 
Cycles  6  to  106,  covering  the  period  11  November  1992  to 
10  August  1995,  were  used  in  the  analysis.  The  first  five 
cycles  were  excluded  from  the  analysis  as  altimeter 
mispointing  problems  have  been  reported  for  those  cycles. 

Values  of  SSH  are  corrected  at  each  along-track  location 
for  the  atmospheric  and  geophysical  effects  discussed  above, 
and  values  of  geoid  height  for  that  position  are  subtracted, 
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using  a  global  geoid  model.  A  summary  of  the  corrections  is 
presented  in  table  1 . 

The  altimeter  sampling  position  of  SSH  varies  along-track. 
The  corrected,  geoid-removed  SSH  values  are  therefore 
collocated  onto  a  reference  grid.  Apart  from  along-track 
variations  in  sampling  position,  there  are  also  cross-track 
variations  as  the  satellite  does  not  exactly  repeat  its  ground 
track;  the  across-track  variations  are  usually  kept  within  1  km 
of  the  nominal  path.  This  may  introduce  errors  in  the  SSH  if 
the  cross-track  geoid  gradients  are  significant.  In  order  to 
minimise  this,  a  gradient  reduction  correction  was  used  [Matt 
Jones,  pers.  comm.]  whereby  the  difference  between  a  model 
mean  sea  surface  at  the  reference  point  and  at  the  interpolated 
along-track  point  is  added  to  the  interpolated  along-track 
SSH  value.  For  both  the  along-track  resampling  and  the 
cross-track  gradient  correction,  we  chose  cycle  18  as  the 
reference  grid,  as  it  is  very  close  to  the  nominal  ground  track. 


The  SSH  time-mean  over  cycles  6  to  106  was  calculated 
for  each  reference  point  from  the  gradient-reduced, 
collocated  SSH  data,  and  subtracted  from  individual  SSH 
cycles  to  obtain  the  SSH  anomaly  for  each  cycle.  Finally,  the 
SSH  anomalies  were  gridded  onto  a  regular  1°  by  1°  grid. 
This  was  accomplished  by  means  of  Gaussian  interpolation 
using  a  full- width  half-maximum  of  150  km  and  a  search 
radius  of  200  km. 

It  is  possible  to  produce  a  movie  of  SSH  anomalies  which 
clearly  shows  interesting  dynamic  phenomena.  Apart  from 
the  obvious  high-energy  area  associated  with  the  Gulf 
Stream,  another  interesting  area  extends  zonally  just  south  of 
the  Azores  and  could  be  related  to  the  Azores  Current.  We 
can  study  zonal  waves  by  choosing  a  latitude  value  and 
considering  the  longitude-time  plot  or  corresponding  power 
spectrum  obtained  by  Fast  Fourier  Transform  (FFT). 


Table  1  Atmospheric  and  Geophysical  effects  corrections 
applied  to  T/P  data  [4] 


correction 

TOPEX  POSEIDON 

Ionospheric 
Dry  tropospheric 
Wet  tropospheric 
E.m,  bias 
Inverse  barometer 
Solid  earth  tide 
Ocean  tide 
Polar  tide 
Geoid  height 

Dual  frequency  altimeter  DORIS  model 
ECMWF  model  pressure  field 
TOPEX  microwave  radiometer 
Gaspar  et  al.  4-parameter  model  [5] 
ECMWF  model  pressure  field 
Cartwright  and  Edden  model 

Texas  model  CSR  3.0 

Wahr  model 

OSU91A  model 

Fig.l  North  Atlantic  bathymetry  at  1000  m  intervals  with 
10-day  repeat  TOPEX/POSEIDON  tracks  superimposed. 


RESULTS 

We  have  analysed  longitude-time  and  FFT  plots  east  and 
west  of  the  Mid-Atlantic  Ridge  (MAR).  The  largest  signal 
related  to  Rossby  waves  is  at  34°N;  the  signal  quickly 
attenuates  moving  south  or  north  of  34°N.  The  results  for  34° 
N  are  shown  in  Figure  2  for  the  basin  to  the  east  of  the  MAR 
(east  of  38°W)  and  in  Figure  3  for  that  on  the  west  of  the 
MAR  (west  of  38°W).  Although  the  overall  energy  in  the 
eastern  basin  is  lower,  two  peaks  in  the  FFT  (Figure  2b)  are 
easily  distinguishable  and  are  explicable  in  terms  of  Rossby 
waves:  these  appear  as  diagonal  stripes  in  the  longitude- time 
plot  (Figure  2a).  The  lower  frequency  peak  corresponds  to  a 
time  period  of  -500  days  and  a  spatial  wavelength  of  -1250 
km.  These  values  are  consistent  with  the  signal  reported  in 
[1].  The  higher  frequency  peak  approximately  appears  as  a 
2nd  harmonic  of  the  previous  one,  with  a  time  period  of  -250 
days  and  a  wavelength  of  -600  km,  as  discussed  in  [2]. 

In  the  western  half  of  the  North  Atlantic,  although  the  Gulf 
Stream  dominates  the  ocean  dymanics,  we  observe  waves 
continuing  west  across  the  MAR,  with  apparently  increased 
phase  speed  from  -2.3  km/day  to  more  than  4  km/day.  This 
can  be  easily  detected  from  the  change  of  slope  in  the 
longitude-time  plot  in  Figure  3a.  The  energy  spectrum  in  this 
basin  is  richer  and  several  higher  frequency  signals  appear. 
However,  the  lower  frequency  peak  is  still  evident  while  the 
high  frequency  peak  is  shifted  towards  longer  time  periods.  It 
is  believed  that  generation  of  topographic  Rossby  waves  at, 
or  near,  the  MAR  could  play  a  role  in  the  change  of  energy 
characteristics  [1].  Indeed,  a  distinct  change  of  slope  and  the 
splitting  of  some  wave  tracks  can  be  observed  in  the  area 
between  50°W  and  45°W. 

Note  that  the  observed  main  periodic  signals  can  not  be 
due  to  tidal  aliasing  since  the  T/P  orbit  produces  tidal  aliases 
of  much  shorter  periods  than  those  observed  here  [6]. 
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Fig.  3  a)  Longitude-time  plot  and  b)  related  FFT  of  the  altimeter  SSH  anomalies  at  34°N  -  western  basin  (68°W  to  38°W) 
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Abstract  -  Accurate  chlorophyll  concentration  retrieval  from 
satellite  data  is  hampered  by  the  aerosol  scattering  effects  of 
the  intervening  atmosphere.  We  present  an  algorithm  which 
employs  a  multivariate-optimisation  to  correct  for 
atmospheric  scattering.  The  method  returns  a  value  for 
chlorophyll  concentration  as  well  as  a  first  estimate  for 
aerosol  content  at  pixel  resolution.  We  demonstrate  the 
method  using  in  situ  data  co-located  with  CZCS  data.  Results 
indicate  the  method  yields  chlorophyll  amounts  to  within 
expected  uncertainties. 

INTRODUCTION 

The  Coastal  Zone  Color  Scanner  (CZCS),  launched  on  board 
the  NIMBUS-7  satellite  in  1978,  was  designed  as  a  prototype 
to  investigate  the  feasibility  of  obtaining  global  distributions 
of  oceanic  phytoplankton.  Over  its  eight-year  life-time,  it 
returned  radiances  in  the  visible  (channels  1-4:  443,  520,  550, 
670  nm),  near  infrared  (ch.5:  750  nm),  and  thermal  infrared 
(ch.6:  0.5-12.5  \im).  Channels  1  to  4  in  the  visible  are  the 
most  useful  for  detecting  ocean  pigment. 

Many  algorithms  have  been  developed  to  retrieve 
chlorophyll  concentration  [1].  Most  model  the  radiance 
received  at  the  satellite  as  the  sum  of  the  water-leaving 
radiance  plus  the  optical-path  contribution  due  to  scattering 
and  reflected  skylight  from  the  sea  surface.  As  the  optical- 
path  radiance  contributes  up  to  90  percent  of  the  satellite 
signal,  it  is  crucial  that  path  radiances  be  accurately 
determined  on  a  pixel-by-pixel  level  to  enable  reliable 
pigment  retrieval. 

The  standard  CZCS  atmospheric  correction  algorithm  [1] 
assumes  that  the  instrument  is  able  to  view  “clear  water” 
ocean,  that  is,  a  region  of  ocean  in  which  the  chlorophyll 
concentration  is  less  than  0.25  mg/m^.  The  channel-4  (670 
nm)  water-leaving  radiance  is  approximately  zero;  the 
normalised  water-leaving  radiances  in  channels  2  and  3  are 
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(approximately)  known,  thus  the  ratios  of  aerosol-scattered 
radiance  for  the  channel  pairs  4,  2,  and  4,  3  can  be  computed, 
and  the  corresponding  4,  1  ratio  found  by  extrapolation.  Thus 
the  path  radiance  in  all  channels  may  be  determined. 

However,  problems  arise  when  the  image  contains  no  clear 
water.  Also  the  required  ratios  may  vary  over  the  image  due 
to  changes  in  aerosol  type. 

We  present  a  new  chlorophyll  concentration  retrieval 
algorithm  which  uses  the  Fischer  MOMO  computer  code  [2]. 
MOMO  is  a  full  radiative  transfer  bio-optical  model 
characterised  by  scattering  and  absorption  of  the  various 
water-  and  air-suspended  constituents.  We  employ  a  novel 
technique  to  correct  for  the  atmosphere:  Using  satellite 
observed  radiances  and  the  equation  of  transfer  for  the  ocean- 
atmosphere  system,  we  perform  a  multivariate-optimisation 
which  returns  that  chlorophyll  concentration  which  is  most 
consistent  with  a  given  atmospheric  aerosol  content. 

THEORY:  EQUATION  OF  TRANSFER 

To  obtain  the  radiance  sensed  by  the  satellite,  we  model  the 
atmosphere-ocean  system  via  the  equation  of  transfer: 

H^ulo  =  -L(U) 

+  («(C)  (1) 

+  (o(o^pokc4o-^b^^p(-c/i^o) 

where  L(|,C)  is  the  spectral  radiance  (radiative  power  per 
unit  area,  per  unit  solid  angle,  per  unit  wavelength).  The 
second  term  on  the  right-hand  side  of  (1)  describes  scattering 
and  absorption  of  radiation  by  ocean  or  atmospheric 
components;  the  third  term  indicates  the  attenuation  of  the 
direct  solar  flux.  The  integral  is  over  the  unit  sphere  where 
)  is  the  infinitesimal  solid  angle  centered  on  the 
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direction  .  The  symbols  ^  and  represent  unit  vectors 
in  the  direction  of  the  light  ray  and  the  solar  radiance 
respectively;  /i  and  Po  the  zenith  and  solar  zenith  cosines; 
Fq  is  the  solar  radiance. 

^  =  J  c{z)dz  is  the  optical  depth  (zero  at  the  top  of  the 
atmosphere),  where  the  extinction  coefficient  c  (with  unit 
m'^)  is  defined  as  the  sum  c  =  a  +  b  of  the  absorption 
coefficient  a  and  the  scattering  coefficient  b,  co  =  bja  is  the 
single  scattering  albedo,  and  is  the  volume  scattering 
function. 

We  model  the  absorption  coefficient  of  pure  sea  water  and 
gelbstoff  (colored,  dissolved  organic  matter)  following 
Mobley  [3]. 

To  obtain  the  coefficients  of  the  pigment-dependent 
absorption  coefficient  we  adopted  the  model  of  Morel  [4] . 

For  the  scattering  coefficient  of  pure  sea  water,  we  used  the 
model  of  Morel  [5]  . 

The  scattering  and  backscattering  coefficients  dependent  on 
chlorophyll  used  in  our  model  are  that  of  Mobley  [3]. 
However,  we  modify  the  volume  scattering  coefficient  to 
render  it  more  pigment-dependent. 

DATA  SETS 

CZCS  satellite  data  and  coincident  ground  truth  were 
obtained  from  the  NASA  Goddard  Space  Flight  Center.  We 
found  that  the  pre-navigated  satellite  images  contained 
residual  positioning  errors  of  ^7  km,  so  we  fine-tuned  the 
navigation  by  optimizing  the  correlation  between  image 
coastline  features  and  coastlines  extracted  from  the  public- 
domain  CIA  World  Database  II. 

The  most  important  molecular  absorber  for  the  CZCS 
channels  is  ozone.  Ozone  concentrations  were  obtained  from 
coincident  TOMS  (total  ozone  mapping  spectrometer)  data. 

METHOD 

The  equation  of  transfer  (1)  was  solved  using  the  computer 
program  MOMO,  version  2.1a  [2].  MOMO  solves  for 
radiative  transfer  in  the  atmosphere-ocean  system  using  a 
matrix-operator  adding  technique.  The  diffuse  radiation  is 
calculated  via  the  matrix  operator  method,  while  the  direct 
unscattered  solar  flux  is  computed  using  the  Beer-Lambert 
law. 

Using  a  Mie  scattering  program  developed  by  Heinemann 
[6],  we  calculated  the  extinction  ceofficients  for  three  types  of 


aerosols  (maritime,  urban,  continental)  defined  by  the  World 
Climate  Project  [7].  The  ratio  of  continental  to  urban 
aerosols  was  fixed  at  9:1,  as  defined  by  the  ratio  of  their 
extinction  coefficients  at  550  nm;  we  refer  to  the  variable 
fraction  of  maritime  aerosol  to  this  mixture  as  the  aerosol- 
ratio. 

For  the  optimization  merit  function  we  used  a  ;if^-like 
expression  to  compare  the  measured  and  predicted  at-satellite 
radiances,  taking  the  standard  deviation  of  the  set  of  measured 
radiances  in  a  given  channel  as  an  estimate  of  the  error  in  a 
single  measurement. 

RESULTS 

Rather  than  adopting  the  standard  radiance  calibration 
method  for  CZCS  (the  standard  method  is  optimized  to  match 
Gordon's  algorithm  [1]),  we  recalibrated  the  sensor  to  fit  our 
algorithm.  This  was  done  by  assuming  an  aerosol-ratio  of 
0.5,  fixing  the  pigment  concentration  to  the  sea-truth  value, 
then  minimizing  the  deviation  between  predicted  and 
measured  radiances  by  varying  the  aerosol  concentration  for 
the  first  141  points  in  our  data  set.  The  average  of  the  ratios 
between  the  measured  and  the  predicted  radiances  is  taken  as 
the  correction  factor  to  be  applied  to  the  calibration  provided 
by  GSFC.  The  resulting  calibration  correction  factors  are: 

Channel  1 :  1.081 
Channel  2:  1.026 
Channel  3:  1.011 
Channel  4:  0.7  92 

We  applied  these  radiance  corrections  to  the  second  half  of 
our  data  set  (n  =  139).  We  then  calculated  the  pigment 
concentrations  (Fig.  1),  aerosol  concentrations,  and  aerosol 
ratios  (Fig.  2)  which  minimized  the  deviation  between 
predicted  and  measured  radiances  for  the  second  data  set. 

The  Fig.  1  log-log  plot  of  retrieved  versus  surface-measured 
pigment  concentrations  has  a  correlation  coefficient  of  r  = 
0.43,  an  encouraging  result  in  the  context  of  the  large 
atmospheric  uncertainties  and  wide  dynamic  range  of  the 
measurements  (almost  three  orders  of  magnitude). 

Our  values  for  retrieved  aerosol  concentrations  (not  shown 
here)  seem  reasonable,  with  optical  depths  at  550  nm  ranging 
between  0.10  and  0.18. 

The  Fig.  2  scatter  plot  shows  that  the  aerosol  ratio  is 
varying  over  the  our  data  set,  indicating  qualitatively  that  the 
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Aerosol  Ratio  Retrieved  Pigment  Concentration 


Measured  Concentration 


Fig.  1  Log-log  plot  of  CZCS  retrieval  for  ocean 
pigment  concentration  (mg/m^)  versus  in  situ 
concentration  measurements. 


Distribution  of  Aerosol  Ratios 


Fig.  2  Scatter  plot  of  the  retrieved  aerosol  ratios 
from  our  data  set. 


algorithm  seems  to  be  able  to  distinguish  between  the 
different  types  of  aerosol. 

Considering  the  limitations  of  our  rather  simplistic  aerosol 
model,  and  the  inherent  problems  associated  with  the  retrieval 
of  chlorophyll  by  remote  sensing,  we  feel  that  these  results 
are  quite  encouraging,  and  could  form  the  basis  of  further 
research  relevant  to  future  ocean  sensors  such  as  SEAWiFS. 
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Abstract —  Altimeter  data  of  tire  GEOSAT,  ERS-1  and 
TOPEX/POSEIDON  (T/P)  missions  have  been  used  to 
study  large-scale  seasonal  and  long-periodic  changes 
in  the  sea  level.  The  radial  orbit  error  is  reduced  by 
crossover  minimization.  We  computed  large-scale  global 
dynamic  topographies  with  a  time  resolution  of  7  days 
and  a  space  resolution  of  about  5°.  EOF  and  DPT  analyses 
show  a  dominant  annual  cycle  for  most  regions.  Time- 
longitude  sections  reveal  ENSO  warm  and  cold  events 
accompanied  by  Kelvin  and  Rossby  waves.  A  secular 
change  of  4.9  mm/yr  is  evident  both  from  the  ERS-1  and 
T/P  data. 

1.  INTRODUCTION 

In  recent  years  satellite  altimetry  has  been  used  for  study¬ 
ing  ocean  dynamics  on  a  variety  of  time  and  space  scales, 
the  biggest  advantage  over  in  situ  measurements  being 
the  global  coverage.  Most  of  the  altimeter  missions,  how¬ 
ever,  cover  only  a  few  years,  which  makes  it  hard  to  eval¬ 
uate  long-periodic  sea  level  changes  like  interannual  and 
decadal  variability.  In  turn,  this  hampers  the  utility  of  al¬ 
timetry  in  describing  and  understanding  the  climate  sys¬ 
tem.  We  made  an  effort  to  patch  the  data  available  from 
the  GEOSAT,  ERS-1,  and  T/P  missions,  spanning  almost 
a  decade  of  altimetry.  Here  we  briefly  summarize  the  re- 
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Figure  1.  Mean  sea  level  history. 
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suits  of  analyzing  a  dynamic  topography  time  series  com¬ 
puted  from  these  data. 

2.  DATA  AND  METHOD 

We  selected  1-Hz  altimeter  data  from  the  GEOSAT 
archive  (NOAA  T2GDR)  from  November  1986  to 
November  1988,  ERS-1  (ESA  OPR2)  from  April  1992  to 
January  1995,  and  T/P  (Aviso  M-GDR)  from  November 
1992  to  November  1995.  Besides  the  standard  correc¬ 
tions,  JGM-3  orbits  and  the  Grenoble  FES-95.2  tide 
model  has  been  used.  A  weekly  representation  of  the 
global  dynamic  topography  was  obtained  by  interpolat- 
ing/filtering  the  sea  level  data  corrected  for  orbit  error 
and  calibrated  altimeter  bias,  and  referenced  to  a  hybrid 
JGM-3  and  OSU91A  geoid  model,  to  a  l°-resolution  grid. 
The  data  were  grouped  into  batches  of  17  days  (GEOSAT, 
ERS-1)  and  10  days  (T/P),  and  processed  separately  to 
preserve  the  large-scale  seasonal  signal.  The  radial 
orbit  error  is  then  reduced  by  crossover  minimization, 
accoimting  for  a  bias  and  a  1  cycle/rev  signal.  Subse¬ 
quently,  36-degree  spherical  harmorvic  expansions  have 
been  computed  to  extract  only  the  large-scale  features 
of  the  ocean  circulation.  The  solutions  were  merged 
together  from  one  mission  to  the  other  by  removing 
a  shift  in  the  latitude-longitude  plane  resulting  from 
incompatibilities  of  the  coordinate  frames.  For  this  we 
compared  1-degree  spherical  harmonics  of  the  long-term 
averages.  It  appeared  that  the  Cio  and  Cn  terms  of 
GEOSAT  differ  by  5  cm  from  T/P,  whereas  ERS-1  only 
differs  less  than  1  cm.  After  merging,  finally  only  T/P 
data  are  used  during  the  T/P  mission.  In  addition,  a  2.5 
mm/yr  TOPEX  instrument  drift  is  applied. 

3.  DISCUSSION  ON  RESULTS 

From  the  complete  time  series  a  long-term  (6-years)  mean 
topography  and  variability  grid  was  computed.  The 
variability  (not  shown  here)  exhibits,  apart  from  the  en¬ 
hanced  levels  in  the  western  boundary  currents,  high  lev¬ 
els  in  the  equatorial  Pacific  and  Indian  Ocean  due  to  the 
El  Nino/Southem  Oscillation  (ENSO)  phenomenon  and 


97 


Figure  2.  First  two  EOFs  in  the  GEOSAT  data. 


Figure  3.  First  two  EOFs  in  the  T/P  data. 


monsoon  systems.  This  is  also  apparent  from  DFT  anal¬ 
yses  on  the  variations  in  the  time  series.  The  annual  cycle 
is  identified  as  being  most  dominant  in  all  regions  with 
an  intensification  in  the  northern  hemisphere,  whereas 
the  semiannual  cycle  pops  up  in  equatorial  regions  like  the 
Northwest  Indian  Ocean,  and  a  biannual  signal  accounts 
fortheENSO. 

A  global  mean  sea  level  was  computed  for  each  of  the 
dynamic  topographies  by  averaging  the  total  height  rep¬ 
resentation  of  the  spherical  harmonics  weighted  by  the 
cosine  of  the  latitude.  The  history  of  this  mean  sea  level 
is  given  in  Fig.  1.  A  simultaneous  estimate  of  the  an¬ 
nual  and  semiannual  cycle  and  a  tilt,  reveals  an  average 
sea  level  change  rate  of  4.9  mm/yr  over  the  1992-95  pe¬ 
riod.  We  independently  analyzed  the  ERS-1  data,  which 
reveals  a  4.7  mm/yr  rise.  So  we  are  very  confident  about 
this  rather  high  value.  The  GEOSAT  result  (not  shown 
here)  shows  a  decline  but  suffers  from  instrument  drift 
and  an  increasing  ionospheric  correction  error. 

We  applied  singular  value  decomposition  (SVD)  on  the 
GEOSAT  and  T/P  data  matrices  to  recover  the  first  two 


EOFs.  The  results  are  given  in  Fig.  2  and  Fig.  3.  The  up¬ 
per  two  panels  give  the  geographical  distribution  of  the 
first  two  EOFs,  whereas  the  bottom  panel  gives  the  V  ma¬ 
trix,  or  time  function.  The  first  two  EOFs  explain  about 
40%  of  the  data  in  both  cases.  The  annual  cycle  is  very 
dominant,  both  in  EOFl  and  EOF2.  In  EOFl  we  notice 
the  180°  out  of  phase  signature  in  the  sea  level  in  the  two 
hemispheres  due  to  the  thermal  expansion  related  to  the 
Earth's  motion  about  the  sim.  There  is  strong  evidence 
of  ENSO  and  monsoon  in  EOF2.  The  GEOSAT  and  T/P 
results  are  quite  similar,  the  ENSO  being  stronger  in  the 
GEOSAT  results.  To  investigate  this  in  detail  we  followed 
the  variations  in  the  dynamic  topography  series  in  time  in 
the  equatorial  region.  Fig.  4  gives  a  time-longitude  plot 
for  the  equatorial  cross-section.  Focusing  on  the  eastern 
equatorial  Pacific  between  120°E  and  80°W  we  observe 
the  evolution  of  ENSO  warm  and  cold  events  (high  and 
low  anomalies,  respectively).  The  pattern  is  very  regu¬ 
lar  and  seems  to  have  a  biannual  cycle.  We  easily  notice 
up-  and  downwelling  Kelvin  waves,  propagating  east¬ 
ward  with  an  average  speed  of  2.8  m/s,  which  is  consis- 
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Figure  4.  Time-longitude  section  of  sea  level  anomalies  along  the  equator. 


tent  with  the  first  baroclinic  mode.  Also  westward  prop¬ 
agation  by  Rossby  waves  can  be  identified  of  which  the 
phase  speed  is  about  60  cm/ s,  consistent  with  the  first¬ 
mode  Rossby  waves.  The  waves  are  clearly  reflected  by 
natural  boundaries.  There  seems  to  be  a  barrier  at  about 
175'^E.  We  found  that  this  must  be  due  to  the  presence  of 
the  Gilbert  Islands.  The  equatorial  Atlantic  also  reveals 
an  annual  cycle  with  high  levels  boimcing  up  the  east  and 
west  coast. 

Though  this  paper  can  only  describe  a  fraction  of  the 
total  analyses  conducted,  we  think  it  demonstrates  that 
a  long  record  of  altimeter  data  is  capable  of  recovering 
long-periodic  changes  in  the  sea  level.  We  quiver  to  study 
more  years  worth  of  data. 
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INTRODUCTION 


Vertical  distributions  of  the  photosynthetically  available 
radiation,  PAR,  is  of  great  importance  for  understanding  of 
biological  matter  behavior,  estimation  of  primary 
productivity,  in  evaluation  of  the  heath  budget  and  in  some 
other  problems.  Numerical  modeling  of  PAR  penetration 
was  carried  on  using  diiluse  attenuation  coefficient,  Kd(440), 
in  the  upper  10  meters  layer  as  an  input  parameter.  These 
calculations  were  done  for  different  types  of  the  Kd(Z) 
profiles  [1].  Numerical  results  were  compared  with 
experimental  data  of  PAR  measurements.  It  was  shown  that 
correlation  between  PAR  and  Kd(440)  in  the  upper  10  meters 
layer  are  very  close  as  for  model  and  for  e?q}erimental  data. 


MODELING  OF  PAR  PENETRATION. 


Penetration  of  PAR  in  ocean  water  in  the  wavelength  band  of 
400-700  nm  is  determined  as 

700  Z 

PAR(Z)  =  /  Eo(X)exp[-J  Kd(X,z)dz.]dk,  (1) 
400  0 

where  Eo(X)  is  a  siuface  downwelling  spectral  irradiance, 
and  Kd(?u,z)  is  the  spectral  diffuse  attenuation  coefficient. 

In  (1)  Eo(A,)  was  taken  as  an  averaged  of  about  100  Eo(7,) 
spectra  normalized  by  Eo(490)  (Tab.  1).  The  diffuse 
attenuation  coefficient  spectrum  was  calculated  using 
Kd(440)  and  an  improved  combination  of  [3]  with  two 
eigenvectors  and  [2]  algorithms.  The  value  of  Kd(440)  in  the 
upper  10  m  layer  was  varied  from  0.023  to  0.4  m’\ 

The  decrease  of  PAR  with  the  dq)th  can  be  described 
depths  where  it  is  equal  to  10%,  1%  and  0. 1%  of  the  surface 
value.  We  evaluated  these  depths,  Z(10%),  Z(l%)  and 
Z(0. 1%),  for  non-stratified  and  stratified  waters  through 
0-7803-3068-4/96$5.00©1996  TF.F.F. 


Table  1 

Normalized  sea-surface  downwellig  irradiance 
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munerical  modeling.  Correlation  between  Kd(440nm;0- 
10m) 

and  Z(x%)  was  found  in  the  form  Z(x%)  =  A  Kd(440;0- 
10m)  ®  for  two  different  stratification  types  of  Kd  profiles: 
1-non-stratified  waters;  and  2-for  stratified  waters,  which 
described  by  Kd(0-Zef)=1.01  Kd(0-10)  -  0.0046,  where  Zef = 
4/Kd(0-10)  (Tab.  2). 


Table  2 

Correlation  coefficients 


Non-stratifiec 
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Stratified  waters 

A 

B 

A 
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The  relationship  between  Kd(440nm;0-10m)  and 
Z(PAR10%,  1%  and  0. 1%)  is  illustrated  by  Fig,  1 . 


Kd(0- 1 0m,440  rnn) ,  1  /m 
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Fig.  1 .  Correlation  between  Kd(0-10m,  440nin) 
and  Z(x%)  for  non-stratified  (solid  lines) 
and  startified  waters  (dashed  lines) 


In  the  frame  of  this  modeling  research  it  was  found  a 
relationship  between  Kd(440;0“10m)  and  the  Secchi  disk 
depth  (for  109  points  with  correlation  coefficient  is  0.91, 
r^  =  0.83,  and  the  standard  error  is  equal  to  0.51)  in  different 
regions  of  the  World  Ocean  where  these  two  optical 
characteristics  were  measured  simultaneously.  This 
relationship  is 

Kd(440;0-10m)  =  4.94  (Zsd)'^  ,  (2) 

where  Zsd  is  the  Secchi  disk  depth  (m).  (Fig,  2). 


Rg.  2.  Correlation  between  Kd(0-10m,440nm) 
and  Secchi  disk  depth,  Zsd 


The  modeling  results  were  compared  with  measurements 
data  of  P16  WOCE  ejqjeditions.  Bio-optical  stations  of  P16 
ejqjedition  going  along  152°  W  longitude  from  south  to 
north.  Optical  data  were  collected  using  a  Profiling 
Spectroraiometer,  MER-2040 

For  measured  profiles  of  PAR(Z)  there  were  determined  the 
depths  of  10%,  1%  and  0.1%  attenuation  of  the  surface 
PAR(0),  which  were  compared  with  the  same  modeling 
values.  The  Kd(440,0-10m)  values  determined  from 
measured  downwelling  irradiance  were  correlated  with 
values  Z(10%,  1%,  0.1%)  calculated  fi-om  measured  PAR(Z). 
Analogous  results  were  obtained  in  this  case  too  (Fig.  3). 

The  comparison  shows  a  satisfied  coincidence  of  Z(10%) 
with  average  relative  error  of  12%.  For  Z(l%)  and  Z(0.1%) 
the  relative  enors  are  twice  more. 

Fig.  4  illustrates  meridianal  distribution  of  Z(x%).  The 
satisfied  coincidence  of  Z(PAR10%)  calculated  from 
measurements  and  the  same  values  obtained  from  modeling 
for  non-stratified  waters  suggests  that  the  upper  layer  up  to 
the  depth  Z(PAR10%)  is  weakly  stratified.  The  depth  of  the 
euphotic  zone  (corresponding  to  the  depth  of  1%  of  surface 
PAR)  varied  from  149-120  m  in  the  two  northern-most 
stations  and  90-100  m  in  the  10  southern-most  stations  to  80- 
90  m  in  the  middle  part  of  this  section. 


iCd(440,0-10m),  1/m 
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Fig.  3.  Measured  values  of  Kd(440,0-10m) 
and  Z(PAR1 0%,  1  %,  0,1  %) 


On  the  basis  of  improved  models  and  using  data  of:  a) 
Kd(495)  distribution  in  the  upper  layer  of  the  World  Ocean 
[4];  b)  seasonal  distribution  of  Zsd,  there  were  created  PAR 
vertical  distribution  macroscale  maps.  This  approach  allows 
to  use  remote  sensor  data  such  as  Kd(490)  to  estimate  PAR 
penetration  with  relative  error  of  about  30%. 
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Fig.4.  Meridional  Distribution  (152  deg  W) 
of  Z(PAR1 0%,  1%,0. 1%) 
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ABSTRACT 

The  paper  examines  structural  featares  of  radar  images 
obtained  under  imstable  stratification  of  ocean-atmosphere 
boundary  layer.  Manifestations  of  the  dry  and  moist 
convective  cells  are  of  special  interest.  Near  surface 
convective  processes  in  radar  images  are  investigated  at 
different  soimding  direction  relative  to  mean  surface  wind. 
Images  recorded  by  airborne  side  looking  real  aperture  radar 
at  wave  length  2.25  cm  are  considered.  Radar  images  under 
discussion  were  recorded  during  joint  Russia/US 
experiment  JUSREX  conducted  in  July  1992  in  an  area  off 
the  U.S.  coast,  roughly  80  km  south  east  of  Long  Island, 
New  York  [1]. 

MANIFESTATIONS  OF  THE  BOUNDARY  LAYER 
CONVECTIVE  PROCESSES  IN  RADAR  IMAGES 
Results  of  Ku-band,  radar  measurments  from  TU-134 
aircraft  laboratory  are  presented.  The  radar  swath  is  12.5  km 
on  each  side  of  ground  track.  Alternate  pulses  of  horizontal 
and  vertical  polarizations  are  transmitted  to  produce 
simultaneous  HH  and  W  images.  Spatial  resolution  is  of 
about  25x25  meters. 

High  sensitivity  of  W  radar  images  to  instability  of 
boundary  atmosphere  layer  is  their  most  impressive  feature 
in  the  obtained  data.  Under  stable  stratification,  when  air 
temperature  is  higher  than  that  of  water,  W  and  HH  radar 
images  of  sea  surface  are  qualitatively  similar  to  each  other. 
The  radar  image  (July  18,  1992  )  given  in  fig.l  illustrates 
this  fact.  Surface  manifestations  of  internal  waves  are 
distinctively  seen  both  at  HH  and  W  polarizations,  although 
W  contrasts  are  less  pronounced. 

Fig.  2  presents  HH  and  W  sea  surface  radar  images 
obtained  on  July  24,  1992  under  unstable  stratification  of 
boundary  layer.  Near-surface  wind  variations  induced  by 
intensive  convection  in  the  boundaiy  layer  produce  high 
contrast  cellular  pattern  in  the  W  image  .  The  typical  size 
of  this  cells  is  of  about  1.5-2  km.  There  is  an  increase  of 
mean  backscattered  signal  from  the  bottom  to  the  top  of  the 
image,  caused  by  speeding  up  of  mean  surface  wind  . 
Internal  waves  in  oce^n  are  clearly  observed  in  the  HH 
image  (left  )  and  are  not  visible  in  the  W  image(  right). 
Similar  phenomena  are  observed  in  radar  images  obtained 
over  a  number  of  years  of  experiments  in  the  North-West 
Pacific,  near  the  Kamchatka  peninsula.  An  extension  of 
analysis  of  numerous  images  recorded  under  stable,  unstable 
0-7803-3068-4/96$5.00©1996  IEEE 


and  neutral  atmospheric  boundary  layer  conditions  shows 
that  cellular-type  structures  in  W  radar  images  are 
distinctively  visible  every  time  when  the  sea  surface  is 
warmer  than  the  near  surface  air  and  are  never  detected 
under  other  conditions.  It  means  that  an  analysis  of  Ku-band 
radar  images  at  vertical  polarization  makes  it  possible  to 
determine  the  type  of  the  boundary  layer  stratification  and 
radar  images  clutter  patterns  at  vertical  polarization  are  to  be 
regarded  as  an  indicator  of  boundaiy  layer  conditions.  When 
a  cellular  type  structure  appears  in  vertical-polarization 
radar  images,  the  sea  surface  is  estimated  to  be  warmer  than 
air.  Occurrence  of  this  type  of  clutter  is  strongly  correlated 
with  presence  of  an  unstable  atmospheric  boundary  layer. 
This  is  important  because  the  modem  models  for  ocean- 
atmosphere  interaction  include  the  stability  parameter. 


Fig.  1  Radar  image  of  the  sea  Fig.2  Radar  image  of  the  sea 
surface  obtained  under  surface  obtained  under 

stable  conditions  unstable  conditions 
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Fig.  3  Superposition  of  radar  images  obtained  under  imstable 
condition  in  upwind  (left)  and  crosswind  (right)  sounding 
directions. 

IMPACT  OF  VIEW  DIRECTION 
Two  superposed  fragments  of  images  obtained  by  cross- 
and  upwind  soimding  directions  are  shown  in  the  figure  3. 
Time  interval  between  two  records  is  half  an  hour.  The  main 
orientation  of  cellular  structures  is  noted  in  both  of  them, 
but  in  crosswind  soimding  direction  it  is  more  pronounced. 
The  orientation  of  the  coherent  structure  is  shifted  to  the 
right  from  mean  surface  wind  direction  by  30  degree.  It  is 
natural  to  suppose  that  this  structure  has  connection  with 
geostrophic  wind.  It  might  be  that  cloud  system  ,  located  at 
some  altitude,  changes  energy  balance  on  sea  surface.  The 
presence  of  pronounced  orientations  in  radar  images 
pattern  may  be  explained  by  different  growth  increment  of 
resonant  scattering  ripples  in  different  directions  as  well  as 
by  viscosity  variations.  When  convective  cells  are  carried  by 
wind,  the  most  pronounced  imprint  is  produced  by  the 
elements  stretching  along  the  wind  direction.  This  imprint 
results  in  siuface  temperature  variations  and  hence  in 
viscosity  variations.  The  same  viscosity  variations  are  clearer 
marked  in  radar  images  formed  by  cross  wind  ripple 
components,  because  the  energy  income  to  components  of 
ripples  propagating  in  wind  direction  is  greater  and  they  are 
less  influenced  by  variations  of  the  viscosity.  Hence  the  same 
viscosity  variations  are  clearly  seen  in  crosswind  radar 
measurements  than  in  down-  or  upwind  images. 


ESTIMATION  OF  SPATIAL  SCALES 
Fig.  4a  and  b  show  radar  images  recorded  24.07.092  in 
daytime  ant  at  night.  The  day  before  an  atmosphere  front 


Fig.4  Fragments  of  radar  images  of  sea  surface  under 
unstable  atmospheres;  a)  in  daytime,  b)  at  night. 

had  passed  over  the  test  area.  Air  temperature  and  moisture 
were  rapidly  decreased  ,  and  this  resulted  in  convection 
development.  Fig.  5  gives  boundary  layer  stability  parameter 
z/L  calculated  using  technique  given  in  [2]  and 
corresponding  contact  measurements  taken  by  the  research 
vessel  “Academic  Joffe”.  Here  z  is  the  height  at  which  the 
measurements  were  performed  (20  m),  L  -  the  Monin- 
Obukhov  length.  Atmosphere  vertical  temperature  profiles 
recorded  by  radio  sonde  close  to  the  time  of  radar 
measurements  are  shown  in  figs.6a,b. 

Both  images  have  cellular  structures  of  about  1  km  in  size. 
In  both  cases  the  vertical  temperature  gradient  passes 
through  diy  adiabatic  point  at  approximately  350  m.  At  this 
altitude  the  buoyancy  frequency  for  diy  air  turns  into  zero 
(see  figs.  7a,b).  Above  the  level  of  350m  the  buoyancy 
frequency  has  real  values  and  under  it  imaginary  values.  This 
implies,  that  atmosphere  temperature  stratification  above 
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this  level  does  not  permit  the  development  of  the  dry 
convection  confining  it  in  lower  layers  only. 

Therefore  1  km  cellular  elements  in  the  given  radar  images 
can  be  considered  as  surface  manifestations  of  dry  convective 
cells  in  the  near  surface  layer  (below  350  m).  While  the 
radar  image  recorded  at  night  has  cells  of  about  the  same 
sizes,  the  day  time  image  contains  different  cells  (  1  km  as 
well  as  up  to  2.5  km  in  size)  mostly  located  in  the  area  of 
more  intensive  radar  signal.  The  corresponding  temperature 
profile  has  an  inversion  point  approximately  at  800  m  ,  that 
is  by  200  m  higher  than  the  condensation  level  calculated 
according  to  the  simplified  formula: 

Ya 

where  fo  is  initial  air  moisture  at  the  surface,  X  is 
approximation  parameter  of  saturated  vapor  pressure 
temperature  dependence,  Ya  is  dry  adiabatic  gradient,  H  is 
height  scale. 


of  this  structures.  It  is  close  to  the  theoretical  ratio  of  2.8  for 
the  Rayleigh-Benard  convection  and  agrees  with 
experimental  values  between  2  and  4  obtained  during 
observations  of  atmosphere  convection  [3,4]. 


atmosphere  N  -  j— r,  N-  the  buoyancy  frequency; 

\N\ 

a)  in  day  time,  b)  at  night 


Fig.6  Vertical  profiles  of  air  temperature: 
a)  in  day  time,  b)  at  night. 


CONCLUSIONS 

Analysis  of  Ku-band  radar  images  at  vertical  polarisation  of 
sounding  signal  permits  to  determine  the  type  of  atmosphere 
boundary  layer  stratification.  This  is  of  large  importance, 
because  modem  remote  sensing  techniques  designed  to 
retrieve  parameters  of  ocean  state  and  energy  exchange  in 
the  ocean-atmosphere  system  should  take  into  account  the 
boundary  layer  stability. 

Centimeter  band  radar  is  a  promising  tool  to  study  dry  and 
moist  convection.  The  extensive  use  of  this  radar  will 
increase  the  amount  of  information  registred  by  remote 
sensing  systems. 

REFERENCES 


Dashed  lines  in  figs.  6a,b  indicate  moist  adiabatic  curves 
corresponding  to  the  experimental  conditions  and  starting 
from  the  heights  of  condensation.  It  is  clearly  seen  that  in 
day  time  between  the  condensation  height  and  the  inversion 
base  the  air  temperature  decreased  quicker  than  it  occures 
during  moist  adiabatic  lifting  of  an  element  of  air  with 
saturated  water  vapor.  This  is  an  implication  of  possible 
moist  convective  development  in  the  specified  layer.  So,  2.5 
km  cellular  elements  are  considered  to  be  surface 
manifestations  of  moist  convective  cells  between  the  sea 
surface  and  the  inversion  point  accompanied  by  convective 
clouds. 

In  both  cases  of  diy  convection  (in  day  time  and  at  night) 
as  well  as  in  the  case  of  moist  convection  seen  in  the  day 
time  image  only,  horizontal  scales  of  convective  cells  are 
approximately  3  times  greater  than  estimated  vertical  sizes 


[1]  R.F.Gasparovic  and  V.S.Etkin,  “An  overview  of  the  joint 
US/Russia  Internal  Wave  Remote  Sensing  Experiment”,,  in 
Proceedings  of  IGARSS’94,  Pasadena,  California  U.S.  pp. 
741-743,  August  1994  . 

[2]  S.  Smith.,  ’’Coefficients  for  sea  surface  wind  stress,  heat 
flux,  and  wind  profiles  as  a  function  of  wind  speed  and 
temperature”.  Journal  of  Geophysical.  Research,  vol.  93, 
C12,  pp.  15467-  15  472,  1988. 

[3]  W.Alpers  and  B.Briimmer.,  “Imaging  of  atmospheric 
boundary  layer  rolls  by  the  synthetic  aperture  radar  abord  the 
European  ERS-1  satellite”,  in  Proceedings  of  IGARSS’93, 
Tokyo,  pp.  540-542,  1993. 

[4]  R.Kelly,  “Horizontal  Rolls  and  boundary  layer 
interrelationships  observed  over  lake  Michigan”,  Joitmal. 
Atmospheric  Sciences.,  41,  p  p.  1816-  1826,  1984. 


105 


Analyzing  the  Discharge  Regime  of  a  Large  Tropical  River  through  Remote  Sensing, 

Ground-based  Climatic  Data,  and  Modeling 


Annette  L.  Schloss,  Charles  J.  Vorosmarty 
Institute  for  the  Study  of  Earth,  Oceans  and  Space, 
University  of  New  Hampshire,  Durham,  NH,  03824,  USA 
603-862-1792,  annette.schloss@unh.edu 

Cort  J.  Willmott 

Center  for  Climatic  Research,  Dept,  of  Geography, 
University  of  Delaware,  Newark,  DE 

Bhaskar  J.  Choudhury 

Hydrological  Sciences  Branch,  NASA/GSFC,  Greenbelt,  MD 


Abstract  —  This  study  demonstrates  the  potential  for  applying 
passive  microwave  satellite  sensor  data  to  infer  the  discharge 
dynamics  of  large  river  systems,  using  the  mainstem  Amazon 
as  a  test  case.  The  methodology  combines  a),  interpolated 
ground-based  meteorological  station  data,  b).  horizontally  and 
vertically-polarized  temperature  differences  (HVPTD)  from  the 
37  GHz  Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  aboard  the  Nimbus-7  satellite  and  c).  a  calibrated 
Water  Balance/Water  Transport  Model  (WBM/WTM). 
Monthly  HVPTD  values  at  0.25  degree  latitude  x  longitude 
resolution  were  re-sampled  spatially  and  temporally  to 
produce  an  enhanced  HVPTD  time  series  at  0.5  degree  grid¬ 
cell  resolution  for  the  period  May  1979  through  February 
1985.  Enhanced  HVPTD  values  were  regressed  against 
monthly  discharge  derived  from  the  WBMAVTM  for  each  of 
40  grid-cells  along  the  mainstem  over  a  calibration  period 
from  May  1979  to  February  1983  to  provide  a  spatially- 
contiguous  estimate  of  time-varying  discharge.  HVPTD- 
estimated  flows  generated  for  a  validation  period  from  March 
1983  to  February  1985  were  found  to  be  in  good  agreement 
with  both  observed  and  modeled  discharges  over  a  1400  km 
section  of  the  mainstem  Amazon.  Both  the  WBMAVTM  and 
HVPTD-derived  flow  rates  reflect  the  significant  impact  of  the 
1982-83  ENSO  event  on  water  balances  within  the  basin. 

INTRODUCTION 

The  water  cycle  is  an  important  component  of  the  Earth 
System.  River  discharge  can  provide  validation  for  both 
empirical  water  balance  models  and  climate  change  scenarios. 
River  heights  and  flows  are  also  of  importance  to  landscape 
processes  including  the  generation  and  transport  of  sediment, 
nutrients  and  carbon,  and  through  floodplain  inundation,  the 
consequent  generation  of  trace  gases. 

Hydrological  features  are  distinguishable  with  microwave 
sensors.  The  Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  aboard  the  Nimbus-7  satellite  collected  horizontally 
and  vertically-polarized  brightness  temperatures  at  37  GHz 
between  1978  and  1987,  at  a  spatial  resolution  of  about  25 


km.  The  difference  (^K)  between  the  horizontally  and 
vertically-polarized  temperatures  (HVPTD)  are  related  to  the 
dipolar  moment  of  water  and  the  sensor  should  yield  an 
HVPTD  value  of  60  for  pixels  composed  entirely  of  open 
water,  4  for  closed  canopy,  and  intermediate  values  for 
vegetated  floodplains  [1].  Temporal  variations  in  the  HVPTD 
have  been  related  to  floodplain  inundation  in  tropical  regions 
dominated  by  periodically-inundated  floodplains  [2].  HVPTD 
values  have  been  shown  to  be  positively  correlated  with 
variations  in  water  level  for  many  large  South  American 
rivers  and  wetland  systems  [3]. 

The  purpose  of  this  study  is  to  demonstrate  the  potential 
for  applying  37  GHz  passive  microwave  data  to  generate 
remotely-sensed,  contiguous  discharge  hydrographs  along  the 
mainstem  Amazon  River,  and  to  test  the  limits  of  the 
approach.  It  prepares  a  framework  for  monitoring  other  large 
rivers  and  for  exploring  the  use  of  contemporary  and  future 
passive  microwave  data  sets  in  conjunction  with  hydrological 
models. 

METHODS 

Study  Area 

The  setting  for  this  analysis  is  the  Amazon  River  drainage 
basin  (Fig. la).  We  consider  the  mainstem  Amazon  River  to 
begin  in  the  Brazilian  State  of  Amazonas  (ca.  71.5  degrees 
West;  4.0  deg.  South),  progress  downstream  through  the  large 
floodplain-dominated  channel  system,  and  end  at  a  point  close 
to  the  city  of  Obidos  (ca.  56.0^  W;  2.0^  S),  the  farthest 
downstream  location  not  influenced  by  coastal  tides. 

Climatic  Time  Series 

Representative  climatic  time  series  of  monthly  air 
temperature  (T)  and  precipitation  (P)  were  estimated  from 
station  data  [4]  that  were  spatially  interpolated  by 
methodology  developed  by  Willmott  and  Robeson  [5].  Their 
algorithm  makes  use  of  a  climatological  (long-term  average) 
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monthly  P  or  T  field  to  assist  in  interpolating  any  particular 
monthly  F  or  7  field  of  interest.  Termed  climatologically- 
aided  interpolation  or  CAI,  the  procedure  improves  upon  the 
simple  interpolation  from  station  observations  by  exploiting 
the  spatial  colinearity  b^ween_P  and  P  (or  between  T  and  7), 
and  the  knowledge  that  P  and  7  are  available  at  meaningfully 
higher  spatial  resolutions  than  are  observations  of  P  and  7. 
Using  CAI,  monthly  fields  of  P  and  7  were  interpolated  to  a 
0.5^  grid  for  the  period  April  1979  to  March  1985  (for  a  full 
description  of  CAI  as  used  in  this  study,  see  [6]). 

Simulated  Discharges 

The  Water  BalanceAVater  Transport  Model  (WBMAVTM) 
was  used  to  generate  a  six-year  monthly  time  series  of 
discharge  for  each  0.5  degree  cell  representing  the  entire 
Amazon  drainage  basin.  The  WBM  relies  on  a  series  of 
biophysical  data  sets  which  specify  land  surface  properties  and 
time-varying  fields  of  precipitation  and  temperature  to  predict 
monthly  water  balances,  specifically  soil  moisture, 
evapotranspiration,  and  runoff  on  independent  grid  cells  [7]. 


Fig.l.a)  The  mainstem  Amazon  River,  b)  The  overall 
simulated  network  topology  used  to  route  distributed  runoff 
downstream,  c)  An  image  of  mean  HVPDT  for  April.  River 
corridors  are  clearly  apparent  in  contrast  to  dense  forest. 


The  WTM  routes  runoff  using  a  simulated  network 
topology  (Fig. lb)  and  a  system  of  coupled  differential 
equations.  The  WTM  is  a  quasi-linear  cascade  model,  with 
linear  flow  within  channels  and  temporary  storage  of  water 
along  floodplains  during  high  flow  periods.  The  WBMAVTM 
was  calibrated  to  match  published  discharge  hydrographs  [8]. 

Since  there  are  few  published  high  resolution  time  series, 
the  modeled  flows  represent  a  sensible  interpolation  of  the 
available  discharge  fields  which  are  distributed  hundreds  of 
kilometers  apart  and  subject  to  numerous  sharp  gradients 
brought  about  by  tributary  inflows.  Use  of  these  simulated 
flows  allows  us  to  characterize  the  discharge  regime  along 
much  of  the  mainstem  river  that  would  not  otherwise  be 
possible. 

Passive  Microwave  Radiometer  Data 

Monthly  values  of  the  SMMR  37  GHz  horizontally  and 
vertically-polarized  temperature  differences  (®K)  were  obtained 
from  NASA’s  Pilot  Land  Data  System  Archive  [9,  Fig.lc]. 
Three  corrections  were  made  to  the  original  PLDS  data  set 
(Fig. 2).  To  account  for  the  sensor  geolocation  error  of  the 
beam  center,  on  the  order  of  12  km,  ,  the  original  data  were 
first  re-sampled  to  0.5  x  0.5  degree  resolution  using  a  simple 
spatial  integration  procedure  that  gave  proportional  weighting 
to  each  0.25  degree  signal  based  on  its  areal  extent  within  the 
larger  0.5  degree  cell.  Next,  each  monthly  HVPTD  value  at 
0.5  degree  resolution  was  averaged  with  the  corresponding 
value  from  each  of  its  five  adjacent  upstream  cells,  to 
minimize  the  effect  of  local  variations  in  river  morphology. 
Lastly,  since  the  original  monthly  HVPTD  time  series  was 
based  upon  a  single  observation  taken  during  the  named 
month  (the  second  lowest  of  the  daytime  values),  a  temporal 
error  was  embedded  within  the  data  set.  To  compensate  for 
this,  a  weighted  moving  average  was  applied  (Fig.2). 


Fig. 2  Example  of  enhancements  of  the  37  GHz  HVPDT 
time  series,  top),  weighted  re-sampling  at  0.5^,  middle), 
partial  integration  using  data  from  five  additional  upstream 
cells,  bottom),  application  of  a  weighted  moving  average  as: 
HVPTD^  =  0.25  HVPTD^.I  +  0.50  HVPTD^  + 

0.25  HVPTDj^i^j,  where  t  is  month. 
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For  each  mainstem  grid-cell,  a  linear  regression  of  monthly 
enhanced  HVPTD  values  and  WTM-derived  flows  was 
generated  for  the  calibration  period,  May  1979  through 
February  1983.  The  regressions  were  used  to  generate 
HVPTD-derived  flows  for  the  validation  period,  March  1983 
through  February  1985.  The  analysis  is  discussed  in  [6]. 

RESULTS 

Flows  derived  from  both  the  climate-based  WTM  and  the 
remotely-sensed  HVPTD  provide  a  useful  synoptic  view  of 
how  Amazon  River  discharge  varies  over  space  and  time 
(Fig. 3).  Both  models  show  the  progressive  downriver 
increase  in  discharge  and  the  influence  of  tributary  inflows. 
The  magnitudes  depicted  by  each  model  are  quite  similar.  The 
WTM  clearly  shows  inter-annual  variations  in  discharge,  the 
most  dramatic  of  which  are  associated  with  the  1982-83 
ENSO  event.  The  HVPTD  also  captures  the  ENSO  discharge 
dynamics.  The  most  upstream  sites  show  less  seasonal 
variability  with  HVPTD  than  with  WTM-derived  fields, 
suggesting  that  the  influence  of  greater  amounts  of  vegetated 
area  and  thus  less  water-filled  area  limit  the  general  utility  of 
the  37  GHz  HVPTD  model  in  this  region. 

SUMMARY  AND  CONCLUSIONS 

This  study  demonstrated  the  concurrent  use  of  ground-based 
meteorological  station  data,  passive  microwave  radiometer 
data,  and  calibrated  water  balance  and  transport  models  to  infer 
flow  regime  in  a  large,  floodplain-dominated  river.  Although 
there  are  limits  to  the  use  of  such  satellite-derived  discharge 
models,  this  research  has  clearly  demonstrated  their  potential 
to  remotely  monitor  the  status  of  river  systems  in  real  time. 
Through  collaborative  research  with  the  University  of 
California  (Santa  Barbara)  we  are  currently  developing 
methods  to  couple  the  onset  and  cessation  of  floodplain 
inundation  as  derived  from  37  GHz  time  series  data  from  both 
the  SMMR  and  its  successor,  the  SSM/I,  to  our  hydrology 
model  in  the  Amazon,  Parana,  and  Orinoco  Rivers. 

We  have  demonstrated  the  possibility  of  monitoring  the 
dynamics  of  a  large  tropical  river  with  a  relatively  coarse 
passive  microwave  sensor.  Both  the  SSMR  and  SSM/I  time 
series  provide  an  excellent  synoptic  tool  for  providing  time 
series  in  large  floodplain-dominated  rivers.  An  operational 
capacity  for  smaller  river  systems  will  require  higher 
resolution  sensors  and  techniques  that  exploit  synergistic 
optical,  passive  and  active  microwave  sensors. 

ACKNOWLEDGMENTS 

National  Aeronautics  and  Space  Administration  (grants 
NAGW1884,  1888,  2669)  and  the  Environmental  Protection 
Agency  (ca.  CR8 16278)  partially  funded  this  research. 


REFERENCES 

[1]  B.J.Choudhury,  “Monitoring  global  land  surface  using 
Nimbus-7  37  GHz  data  theory  and  examples,”  Int.J.Rem. 
Sens., vol. 10, pp.1579-1605, 1989. 

[2]  S.J.Sippel,  S.K. Hamilton,  J.M.Melack,  and  B.J. 
Choudhury,  “Determination  of  inundation  area  in  the  Amazon 
River  floodplain  using  the  SMMR  37  GHz  polarization 
difference,”  Rem.Sens.Env.,  vol.48,pp.70-76,1994. 

[3]  L.Giddings  and  B.J.Choudhury,  “Observation  of 
hydrological  features  with  Nimbus-7  37  GHz  data,  applied  to 
S  America,”  Int.J.Rem.Sens. , vol. 10,pp.l673-1686, 1989. 

[4]  D.R.Legates,  and  C.J.Willmott,  “Global  air  temperature 
and  precipitation  data  archive,”  Dept,  of  Geography,  U. 
Delaware,  Newark,  DE.,1988. 

[5]  Willmott,C.  J.  and  S.M.Robeson,  Climatologically-aided 
interpolation  (CAI)  of  terrestrial  air  temperature,  Internal.!. 
Clim.,  vol.l5,pp.221-229,1995. 

[6]  C.J.Vorosmarty  et  al.,  “Analyzing  the  discharge  regime 
of  a  large  tropical  river  through  remote  sensing,  ground-based 
climatic  data,  and  modeling,”  in  press. 

[7]  C.J.Vorosmarty  et  al.,  “Continental  scale  models  of 
water  balance  and  fluvial  transport:  An  application  to  South 
America,”  Glo.Biogeochem.Cyc.,  vol.3,pp.241-265,1989. 

[8]  J.E.Richey,  L.A.K.Mertes,  T.Dunne,  R.L.Victoria,  B.R. 
Forsberg,  A.Tancredi,  and  E.Oliveira,  “Sources  and  routing  of 
the  Amazon  River  flood  wave,”  Glo.Biogeochem.Cyc., 
vol.3,pp.l91-204,1989. 

[9]  B.J.Choudhury  and  B.Meeson,  “Microwave  Vegetation 
Index:  Data  Set  Documentation,  Product  Description,  and 
User’s  Guide,”  [NASA  Pilot  Land  Data  System  User 
Publication,  May  1992]. 


Fig.3.  Time  series  for  river  discharge  along  the  mainstem 
Amazon,  generated  by  a),  the  calibrated  WaBM/WTM  and  b). 
the  37  GHz  HVPTD  statistical  model. 
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Abstract  -  Synthetic  aperture  radar  (SAR)  imagery  is  difficult 
to  classify  under  summer  melt  conditions,  even  with  the 
human  eye.  Backscatter  instability  causes  the  intensities  of 
the  firstyear  ice,  multiyear  ice,  and  open  water  classes  to 
intermix,  thus  making  an  intensity-based  classification 
invalid. 

The  method  presented  in  this  paper  supplements  backscatter 
information  from  SAR  data  with  wind  and  temporally- 
analyzed  temperature  records  and  regional  statistics  in  order  to 
achieve  an  automated  ice/no-ice  classification  of  summer 
imagery  in  the  marginal  ice  zone  (MIZ).  Referring  to  a 
database  of  prior  area  statistics  (ice  percentages,  ice  types, 
temperatures),  an  expert  system  forms  conclusions  to  guide  a 
current  classification  of  the  same  area.  Using  parameters  set 
by  the  expert  system,  an  algorithmic  floe  extraction  procedure 
divides  the  image  into  two  classes  (one  assumed  to  contain 
floes  and  the  other  assumed  not  to  contain  floes)  and  then 
subdivides  those  two  classes  into  ice  and  water. 
Classification  results  are  then  compared  to  the  expected  values 
derived  from  temporal  adjustments  of  prior  ice  percentages. 
Unacceptable  differences  are  called  to  the  attention  of  the  user 
for  further  inspection  and  possible  manual  correction. 

The  study  area  for  testing  is  the  Beaufort  Sea,  with  data 
taken  from  the  ERS-1  SAR.  Results  show  that  temporally- 
accumulated  data  can  be  used  to  provide  a  basis  for  an 
automated  classification  of  MIZ  imagery  under  summer  melt 
conditions. 

INTRODUCTION 

Satellite  remote  sensing  provides  data  for  the  continuous 
monitoring  of  sea  ice  distributions  and  concentrations  over 
the  polar  oceans.  The  amount  and  thickness  of  ice  in  the 
polar  regions  is  a  key  indicator  of  global  climate,  particularly 
in  the  summer  season  [1]. 

Although  summer  ice  concentrations  are  no  less  important 
to  obtain  than  winter  ice  concentrations,  the  analysis  of 
summer  ice  imagery  remains  as  yet  unautomated.  The 
backscatter  contrast  between  first-year  and  multi-year  ice  is 
stable  only  from  October  through  Miy;  the  summer  season  is 
characterized  by  nearly  indistinguishable  backscatters  for  all 
ice  types  [2].  Surface  melt  affects  the  backscatter  of  the  ice 
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adversely,  and  different  ice  thicknesses  cannot  be  distinguished 
based  upon  backscatter  alone. 

A  source  of  information  which  heretofore  has  not  been 
utilized  for  summer  sea  ice  imagery  is  time.  Combining 
cumulative  previous  knowledge  of  an  area's  ice/water 
concentrations  and  melt  state  with  temperature  and  wind  data, 
a  current  interpretation  of  that  same  area  can  be  guided, 
resulting  in  the  automated  measurement  of  ice  distributions  in 
MIZ  areas  during  the  summer  season. 

BACKGROUND 

The  summer  ice  season  jnsists  of  several  stages  [3], 
beginning  with  the  early  melt  stage  in  which  the  snow  pack 
begins  to  undergo  transformation  due  to  melt/freeze  cycling 
which  ends  when  moisture  is  continuously  present  in  the 
snow  cover.  This  phenomenon  also  marks  the  beginning  of 
the  melt  onset  stage,  which  is  characterized  by  dampness  at 
the  snow  -  ice  interface  and  an  average  surface  temperature 
near  the  melting  point.  This  stage  ends  when  most  of  the 
snow  cover  has  bwome  completely  saturated,  signalling  the 
beginning  of  the  advanced  melt  stage.  From  this  point,  the 
ice  continues  to  decay  until  the  freeze-up  season  begins. 

While  the  signatures  of  the  different  ice  types/thicknesses 
are  stable  under  winter  conditions  (with  multi-year  ice 
typically  having  a  higher  backscatter  than  first-year  ice),  once 
the  melt  season  begins,  the  signatures  quickly  begin  to  move 
closer  together.  After  converging,  they  remain 
indistinguishable  until  midsummer  [3,4].  At  this  point, 
because  of  the  cumulative  effect  of  melt  on  the  perceived 
roughness,  a  backscatter  reversal  between  first-year  and  multi¬ 
year  ice  occurs.  Melt  and  drain  cycles  subsequently  cause 
multiple  backscatter  reversals  until  the  end  of  the  summer, 
when  the  backscatters  of  multi-year  and  first-year  ice  again 
stabilize  [4,5]. 

In  [6],  a  number  of  notable  conclusions  are  made 
concerning  the  backscatter  changes  in  the  summer  ice  cover: 

1)  when  the  snow  begins  to  melt  in  early  summer,  the 
contrast  between  multiyear  and  first-year  signatures  vanishes, 

2)  when  no  snow  remains  in  the  first-year  ice,  the  winter 
contrast  between  first-year  and  multiyear  ice  is  reversed, 
which  causes  the  first-year  ice  returns  to  exceed  the  multiyear 
ice  returns  by  a  few  decibels  -  the  shift  can  occur  in  less  than 
a  week,  3)  the  melting  of  superimposed  ice  can  cause  the 
reversed  contrast  to  disappear  in  less  than  a  week,  and 
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Table  1:  Compositions  of  floe  and  non-floe  classes  corresponding  to  melt  stage. 

_ _ Early  Melt _ Melt  Onset _ Advanced  Melt _ Freeze-Up 


I  Wind 

<  4m/s 

>  4m/s 

<  4in/s 

>  4m/s 

<  4m/s 

>  4m/s 

<  4m/s 

>  4m/s 

ice 

wate 

ice+ 

matrix 

water+ 

matrix 

ice+ 

matrix 

watCT 

ice 

wato* 

Non-floe 

Class 

matrix+ 

watCT 

ice+ 

matrix 

matrix+ 

watCT 

ice+ 

matrix 

water 

ice+ 

matrix 

matrix-i- 

wata 

4)  because  of  the  rapid  fluctuations  in  the  backscatter  of  first- 
year  and  multiyear  ice,  it  is  very  difficult  to  classify  C-  and 
X-band  radar  images  using  intensity-based  algorithms. 

These  investigations  indicate  that,  due  to  backscatter 
fluctuations  and  general  instability  of  sea  ice  signatures 
during  the  melt  season,  any  attempt  at  an  automated 
classification  of  corresponding  imagery  cannot  depend  upon 
intensity  alone.  It  was  therefore  decided  that  additional 
information  was  needed  in  order  to  classify  summer  ice. 

Pre-existing  work  at  the  University  of  Kansas  performs 
segmentation  of  summer  ice  imagery  into  floe  and  non-floe 
classes  in  order  to  calculate  floe  statistics  in  the  MIZ  [7j. 
Rather  than  discard  this  body  of  work,  which  is  based  upon 
local  dynamic  thresholding  and  feature  extraction  techniques 
as  described  in  [8],  it  was  decided  that  it  should  be  used  as  a 
central  part  of  the  summer  ice  classification  p-ocedure. 

The  major  problem  with  the  segmentation  procedure  was 
that  it  had  no  knowledge  concerning  the  imagery  which  it 
segmented.  A  human  operator  had  to  look  at  the  image  and 
“tell”  the  segmentation  procedure  in  what  gray-level  range  it 
might  expect  to  find  floes.  After  dividing  the  image  into  floe 
and  non-floe  classes,  it  then  subdivided  those  two  classes 
based  on  the  assumption  that  the  floes  class  is  composed  of 
ice  floes  and  “undesignated”  areas  while  the  non-floe  class  is 
composed  of  background  matrix  (usually  consisting  of  ice 
bits)  and  open  water.  These  assumptions  work  only  in  the 
idedl  case  (when  they  happen  to  be  true). 

However,  the  state  of  melt  of  an  area,  along  with 
temperature  and  wind  information,  can  supply  guidelines  for 
estimating  the  average  backscatter  of  ice  floes  with  respect  to 
other  classes  present  in  the  image,  and  for  estimating  the 
composition  of  the  floe  and  non-floe  areas  found  in  the 
segmentation  process  (see  Table  1). 

METHODOLCXjY 

The  approach  used  here  is  to  utilize  expert  systems  to 
interpret  information  such  as  time-of-year,  latitude,  wind,  and 
previous  knowledge  of  area  conditions  (including  temperature 
and  previous  ice  distribution  statistics)  to  assist  an 
algorithmic  classification  of  SAR  imagery  into  ice/no-ice 
categories  during  summer  melt  conditions  in  the  MIZ. 

Expert  systems  can  provide  interpretation  of  wind  and  melt 
stage  information  (and  thus  expectations  of  the  relative 
backscatter  of  the  floe  class  and  of  the  compositions  of  the 
floe  and  non-floe  classes),  and  guidelines  for  expected  ice 
percentages  based  upon  previous  percentages  in  the  same  area. 
Combining  this  with  local,  dynamic  thresholding  and  a 
feature  extraction  technique,  we  are  provided  with  an  expert 


system-guided  segmentation  and  classification  of  SAR 
summer,  MIZ  imagery.  The  technique  separates  an  image 
into  ice  floes,  background  matrix  (assumed,  for  ice 
percentages,  to  consist  of  ice),  and  water. 

IMPLEMENTATION 

Hie  system  utilizes  expert  information  along  with  a 
segmentation  procedure  to  differentiate  between  ice  and  water 
and  to  define  individual  ice  floes  in  synthetic  aperture  radar 
imagery  of  the  MIZ  during  the  melt  season.  It  is  necessary  to 
coordinate  several  components,  including  two  expert  systems 
and  a  database,  in  order  to  realize  the  complete  classification 
system.  The  study  area  has  been  limited  to  the  Beaufort  Sea, 
in  the  interest  of  Irath  time  and  space. 

Database 

Information  from  analyses  of  different  areas  of  the  Beaufort 
Sea  are  kept  in  a  database,  indexed  to  nearest  latitude  and 
longitude  degree  blocks.  Temperature  records  are  also 
included,  along  with  current  melt  state,  ice  percentages,  and 
floe  size  distributions.  This  database  is  updated  with  such 
information  as  it  becomes  available  from  incoming  data  and 
from  expert  system  analyses. 

Algorithmic  Parameters  Expert  System 

This  expert  system  determines  the  settings  of  key 
parameters  used  by  the  algorithmic  segmentation  and 
classification  procedure.  The  parameters  are  determined  by 
melt  conditions  (requiring  analysis  of  cumulative  tempaature 
information)  and  wind  -  these  are  the  factors  which  indicate 
whether  the  floes  in  the  image  will  be  bright  or  dark  or  “in- 
between”  relative  to  other  ice  forms  in  the  image.  This 
information  is  used  by  the  segmentation  and  feature  extraction 
technique  to  determine  the  floe  and  non-floe  classes.  These 
factors  also  indicate  what  classes  will  be  similar  in 
backscatter  and  will  combine  to  form  the  floe  and  non-floe 
classes  subsequently  found  in  the  image  segmentation.  This 
information  is  used  by  the  classification  to  further  segment 
the  floe  and  non-floe  areas  into  ice  and  water  classes. 

This  expert  system  generates  the  updated  melt  stage 
information  and  updates  the  database  accordingly. 

Segmentation  and  Feature  Extraction 

A  dynamic  thresholding  and  feature  extraction  procedure  for 
segmenting  SAR  imagery  into  unlabeled  classes  already 
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exists  [8],  and  it  has  been  adapted  to  segment  summer  MIZ 
SAR  imagery  into  two  classes,  assumed  to  be  simply  floe 
and  non-floe  [7]. 

The  summer  adaptation  of  the  dynamic  thresholding  and 
feature  extraction  technique  will  be  utilized  to  divide  the 
image  into  floe  and  non-floe  regions.  Floe  class  will  be 
selected  as  dark  or  bright  according  to  parameters  set  by  the 
algorithmic  parameters  expert  system. 

Classification:  Ice/No-Ice 

Variables  set  by  the  algorithmic  parameters  expert  system 
indicate  the  expected  compositions  of  the  floe  and  non-floe 
classes  found  (see  Table  1).  Within  these  classes,  shape 
characteristics  are  used  to  distinguish  floes,  and  texture 
measures  are  applied  to  the  raw  imagery  to  distinguish  water 
areas.  The  remaining  features  are  assumed  to  consist  of 
background  matrix  (ice). 

Floe  Analysis 

After  the  classification  is  complete,  floe  analyses  are 
performed  to  calculate  floe  statistics  of  the  area  based  upon 
floe  size  distributions.  This  information  is  entered  into  the 
database. 

Post-Classification  Expert  System 

In  this  stage,  there  are  three  oror  checks  paformed  on  the 
data. 

1)  Based  upon  prior  ice  percentages  of  the  same  area  and 
cumulative  temperature  data,  a  projected  set  of  ice  percentages 
are  calculated.  These  numbers  must  agree  reasonably  with  the 
new  percentages. 

2)  Ice  floe  size  distributions  should  reflect  a  decrease  in 
floe  size  over  the  summer  (as  the  ice  melts). 

3)  Ice  type  distributions  should  also  agree  with  historical 
information  taken  from  the  area  (over  past  years),  at  least  in  a 
general  sense  (i.e.,  “at  x  time  of  year,  there  is  usually  more 
ice  than  water  present  in  the  area”  should  hold  true  for  current 
statistics). 

If  any  of  the  above  do  not  hold,  attention  is  called  to  the 
user  to  verify  (or  negate)  the  current  classification.  The 
database  is  then  updated  with  the  new  regional  statistics. 

RESULTS 

The  system  was  run  on  a  small  collection  of  test  images 
from  the  Beaufort  Sea.  A  SAR  strip  was  acquired  for  three 
consecutive  passes,  each  spaced  three  days  apart 

In  all  cases,  the  sea  ice  was  in  a  state  of  advanced  melt. 
Tthe  imagery  did,  however,  exhibit  varying  wind  speeds. 
Based  upon  these  and  a  fabricated  temperature  record  for 
corresponding  areas,  the  system  was  run  on  the  test  images. 
The  floe  and  non-floe  classes  and  their  subclasses  were  all 
assigned  properly  according  to  visual  evaluation.  Results 


were  within  expected  error  bounds,  with  the  exception  of  the 
results  from  one  test  image  which  exhibited  very  poor 
contrast.  In  that  case,  notification  of  aror  was  made  to  the 
user,  and  a  manual  correction  of  the  statistics  was  allowed. 

CONCLUSIONS 

Automated  classification  of  summer,  MIZ  SAR  imagery  is 
a  desired,  if  difficult,  task.  Supplementing  intensity  data  with 
wind  and  temperature  data,  a  classification  can  be  made  which 
is  at  least  semi-automated.  By  analyzing  classification  results 
with  respect  to  prior  area  statistics,  the  classification  can  be 
evaluated  for  correctness,  and  the  need  for  user  intervention 
can  be  assessed  (and  minimized). 
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Abstract  --  In  this  paper,  we  desribe  multi-displacement  co¬ 
occurrence  matrices  for  representing  sea  ice  texhires  of  SAR 
imagery.  Our  design  of  co-occcurrence  matrices  captures 
local  relationships  amcxig  neighboring  pixels  and  global  links 
among  distant  pixels,  an  advantage  over  other  existing 
versions  of  co-occurrence  matrices.  As  a  result,  it  can 
adequately  represent  micro  textures,  such  as  grainy  details, 
and  macro  textures,  such  as  patchy  blocks.  We  have 
conducted  experiments  to  compare  our  multi-displacement 
co-occurrence  matrices  with  other  existing  versions  using 
Bayesian  linear  discrimination.  We  have  found  that  our 
design  is  the  most  texturally  representative  in  terms  of 
classification  accuracies  in  both  training  and  test  datasets.  In 
addition,  we  have  applied  this  design  to  sea  ice  texture 
analysis  which  includes  detection  and  localization,  and 
subsequent  image-texture  mailing. 

INTRODUCTION 

Statistical  texture  analysis  has  been  important  in  SAR  sea 
ice  imagery  research  since,  with  it,  sea  ice  regions  can  be 
better  represented  and  thus  classified,  compared  to  analysis 
based  on  only  intrinsic  gray  levels.  For  example,  [1] 
classified  one  SAR  image  (over  the  Beaufort  Sea)  to 
new/first-year  ice  and  multiyear  ice  with  an  overall  accuracy 
of  more  than  65%  using  derived  textural  descriptors  on  X- 
band  (HV  polarization).  Standard  statistics  and  higher  order 
texture  statistics  generated  from  co-occurrence  matrices  were 
used  to  classify  SAR  sea  ice  data  with  an  overall  accuracy  of 
89.5%  [2].  Statistical  textures  have  also  been  used  in 
classifying  other  sea  ice  imagery  such  as  Landsat  Thematic 
Mapper  (TM)  Antarctic  scenes  [3].  In  this  paper,  we 
concentrate  on  the  statistical  textural  contexts  of  SAR  sea  ice 
regions  for  identifying  structural  composition  of  ice-water 
patterns,  instead  of  surfacial  textures  that  have  been  used  for 
determining  ice  types. 

We  have  chosen  the  gray  level  co-occurrence  method  as 
our  texture  analysis  basis  for  three  reasons.  First,  perceptual 
psychology  studies  [4]  have  shown  this  method  to  match  a 
level  of  human  perception.  Second,  shidies  [5,6]  have  shown 
this  method  to  outperform  the  others  in  texture 
discrimination.  Third,  co-occurrence  matrices  have  been 
used  successfully  in  many  applications  [7-10]  and  also  in 
SAR  imagery  classification  [1 1,12]. 

In  this  pap^,  we  present  a  study  of  different  designs  of  co¬ 
occurrence  matrices  on  SAR  sea  ice  imagery.  We  investigate 
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the  effects  of  the  quantization  and  displacement,  factors  on 
implementing  co-occurrence  matrices  for  SAR  sea  ice 
imagery.  We  also  present  a  classification  experiment  using 
Bayesian  linear  discrimination  that  compares  different 
implementations  of  co-occurrence  matrices.  Finally,  we 
apply  the  best  implementation  on  SAR  sea  ice  imagery  to 
generate  textural  maps. 

BACKGROUND  ON  CO-OCCURRENCE  MATRICES 

The  original  definition  of  gray-level  co-occurence  matrices 
is  shown  in  [7].  Briefly,  the  texture-context  information  is 
specified  by  the  matrix  of  relative  frequencies  F,y  with  two 
neighboring  pixels  separated  by  distance  d  occur  on  the 
image,  one  with  gray  level  i  and  the  other  with  gray  level  j. 
Such  matrices  of  gray  level  co-occurrence  frequencies  are  a 
function  of  the  angular  relationship  and  distance  between  the 
neighboring  pixels.  To  implement  co-occurrence  matrices, 
one  needs  to  identify  the  number  of  quantization  levels,  the 
orientation  and  displacement  factors,  given  which  one  can 
determine  the  most  representative  co-occurrence  matrix  for 
certain  application.  An  algorithm  for  selecting  the  matrix 
with  the  highest  value  was  proposed  such  that  one  can 
determine  the  displacement  and  orientation  parameters  of  the 
optimal  matrix  for  classification  [13]. 

EXPERIMENTS 

Our  experiments  were  designed  to  asses.s  the  be.si 
quantization  and  displacement  values  for  representing  SAR 
sea  ice  textures.  Before  conducting  the  experiments,  we 
identified  seven  sea  ice  texture  types:  1)  Web-like,  where  the 
image  consists  of  mostly  multiyear  ice  with  high  ridge 
content,  2)  High-deformation,  where  crushing  of  ice  floes 
creates  extrone  deformations,  usually  found  at  marginal  ice 
zones  (MIZs),  3)  Fractal-like,  where  the  image  consists 
mostly  of  new  ice  and  melt  ponds,  especially  at  the  end  of 
summer  melt  season,  4)  Pebble-like,  where  tiny  round  floes 
are  embedded  in  younger  ice  formations,  at  the  start  of 
summer  melt  season,  5)  Smooth,  where  floes  are  minimally 
defonned,  with  low  ridge  content,  6)  High-contrast,  where 
large  dark  multiyear  ice  floes  and  large  refrozen  young  and 
thin  pancake  ice  coexist,  resulting  from  mobile  floes  that 
create  water  lodgings  and  yet  are  stationary  enough  for 
pancake  or  young  ice  to  form,  and  7)  Packed,  where  the 
image  consists  of  packed  multi  year  ice  occasionally  broken 
up  by  leads.  Beside  their  geophysical  implications,  these 
texture  types  were  identified  also  because  of  their  frequent 
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occurrences  during  n  study  of  n  dntabase  of  about  2000  SAR 
sea  ice  images.  We  conducted  three  experiments  as  follows: 

Experiment!:  Number  of  Quantization  Levels 

This  experiment  used  uniform  quantization.  We  extracted 
sample  sites,  each  64  x  64,  from  18  images  with  different 
textural  regions.  We  devised  a  test  using  four  textur^ 
features  (energy,  contrast,  entropy,  and  homogeneity)  and  six 
different  quantization  schemes:  8,  16,  32,  64,  128,  and  256 
levels.  The  displacement  was  1  and  orientations  were  0°, 
45°,  90°,  and  135°.  Taking  the  average  of  the  orientations 
yields  for  each  sample  site  a  two-dimensional  vector.  The 
degrees  of  similarity  or  disimilarity  among  samples,  as 
derived  from  the  vectors,  were  more  stable  across  higher 
number  of  quantization  levels,  indicating  that  we  should  not 
use  small  number  of  quantization  levels. 

Experiment  2:  Displacement  Parameter 

The  displacement,  d,  is  important  in  the  computation  of  co¬ 
occurrence  matrices.  Applying  a  large  displacement  value  to 
a  fine  textme  would  yield  a  co-occurrence  matrix  that  does 
not  capture  the  textural  information,  and  vice  versa.  For  our 
experiment,  we  used  d=l, ...,  32.  As  a  result,  we  generated  a 
curve  for  each  textural  feature,  for  each  quantization  scheme. 
We  concluded  that  across  quantization  schemes,  each  textural 
curve  preserves  nicely,  indicating  that  it  is  sufficient  to  use 
one  quantization  scheme  with  a  range  of  displacement  values 
since  the  dynamics  of  the  curves  are  similar. 

Experiment  3:  Implementations  and  A  Comparative  Study  of 
Co-Occurrence  Matrices 

Experiments  1  and  2  provided  us  some  ideas  on  designing 
a  general  co-occurrence  matrix  to  represent  SAR  sea  ice 
textures.  Combining  the  conclusions  of  the  experiments,  we 
conjectured  that  a  co-occurence  matrix  with  a  64-level 
quantization  and  a  range  of  displacement  values  should 
sufficiently  and  efficiently  represent  textures  in  sea  ice.  For 
SAR  sea  ice  imagery,  there  are  no  systematic  patterns  b^d 
on  orientation:  ice  floes  position  themselves  in  all  possible 
orientations.  We  thus  used  0°,  45°,  90°,  and  135°.  In  this 
experiment,  we  had  three  implementations  of  co-occurrence 
matrices.  The  first  implementation  was  called  the  mean 
displacement  and  mean  orientation  (MDMO)  matrix. 
Textural  measures  are  averaged  over  orientation  and 
displacement  values.  This  design  assumes  that  every  matrix 
of  specific  displacement  and  orientation  values  is  partially 
representative  for  each  region;  and  that  the  third  order 
measurement,  the  average  of  the  textural  curve  values,  is 
constructive.  The  second  implementation  was  called  the  x^- 
optimal  displacement  and  mean  orientation  (ODMO)  matrix. 
X^  values  of  all  4  matrices  of  different  orientations  are 
calculated  and  averaged  for  each  displacement  value,  and  the 
matrix  accumulating  the  most  x^  value  is  the  optimal  matrix. 
This  design  assumes  that  only  the  matrix  whose  x^  value  is 
the  highest  with  specific  displacement  is  truly  and  sufficiently 


representative  for  the  sample.  The  third  one  is  called  the  x^* 
optimal  displacement  and  x^-optimal  orientation  (ODOO) 
matrix.  This  design  assumes  that  the  matrix  whose  x^  value 
is  the  highest  with  specific  displacement  and  orientation  is 
truly  and  sufficiently  rqnresentative  for  the  sample.  To  study 
these  three  implementations  comparatively,  we  used  a  Bayes 
classifier.  A  Bayes  classifier  estimates  covariance  matrices 
from  the  different  classes  of  training  dataset  and  generates 
classifying  rules.  In  testing,  each  rule  will  be  used  to 
compare  an  unknown  instance  to  a  certain  class.  The  rule 
that  yields  the  largest  probability  of  membership  gives  the 
class  of  the  unknown  instance. 

First,  we  used  240  sample  sites,  and  seven  texture  groups. 
After  training,  we  obtained  seven  classifying  rules.  We  then 
re-tqiplied  all  the  samples  as  unknown  instances  to  the  rules, 
and  the  resubstitution  or  training  set  classification  accuracies 
of  the  MDMO,  ODMO,  and  ODOO  implementations  were 
90.79%,  62.28%,  and  51.75%,  respectively.  This  exercise 
tells  us  that  MDMO  has  the  best  capability  in  creating  the 
necessary  inter-class  decision  boundaries  among  the  seven 
texture  groups  Second,  to  test  the  generality  of  our  MDMO 
Bayes  classifier,  we  divided  the  data  set  into  two,  trained  the 
classifier  on  one  and  applied  the  trained  classifier  to  the  other. 
The  training  and  test  set  classification  accuracies  were 
99.19%  and  94.17%,  respectively.  We  have  concluded  from 
these  experiments:  1)  The  MDMO  implementation  is  the 
most  representative  of  SAR  sea  ice  textures,  2)  The  range  of 
displacement  values  as  a  whole  is  more  representative  than  a 
displacement  value  alone.  This  indicates  that  MDMO,  using 
a  third  order  measurement  (i.e.,  the  average  of  the  curve),  is 
able  to  capture  local  and  global  details  of  a  texture,  and  3) 
Matrices  with  the  highest  x^  value  did  not  provide  useful 
information.  We  named  the  MDMO  implementation  Multi- 
Displacement  Co-Occurrence  Matrix. 

RESULTS 

We  have  applied  Multi-Displacement  Co-Occurrence 
Matrix  to  generate  texture  maps  of  SAR  sea  ice  imagery, 
thereby  detecting  and  locating  regions  with  high/low  ridge 
content,  high/low  deformation,  high/low  melt,  etc.  For 
example,  Fig.l  shows  an  original  image  and  Fig.2  shows  a 
texture  classification  of  the  image:  53.62%  Web-like, 
31.26%  Fractal-like,  10.79%  Pebble-like,  7.79%  Smooth,  and 
3.56%  High-contrasL  The  texture  classification  and  mapping 
results  have  been  encouraging,  and  our  planned  future  work 
includes  gathering  more  diversified  test  sets  and  improving 
the  classification  power  of  our  co-occurrence  matrix. 

CONCLUSIONS 

We  have  implemented  a  texture  representation  technique 
for  SAR  sea  ice  imagery  and  shown  that  it  has  more 
classification  power  than  co-occurrence  matrix  that  uses  only 
a  single  displacement  value.  We  have  also  shown  that  a 
straight  64-level  quantization  scheme  is  able  to  discriminate 
different  textures  adequately.  In  addition,  we  have  also 
applied  this  design  to  SAR  sea  ice  imagery  which  includes 
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localization  of  surface  deformation,  high  ridge  content,  and  Computer  Graphics  and  Image  Processing,  vol.  12,  pp. 

melt  pond  regions,  which  is  useful  in  sea  ice  geophysical  286-308, 1980. 
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Fig.l  The  orignal  SAR  image,  Mar  27,  1992,  at  73.46°N, 
156.19°E.  Copyright  ESA. 


Fig.2  The  texture  map  of  Fig.l.  More  than  half  (bright 
regions)  of  the  image  has  been  classified  as  Web-like. 
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Abstract  —  Short-range  scatterometer  systems  are  used  to 
obtain  radar  backscatter  signatures  for  understanding  the 
interaction  between  electromagnetic  energy  and  geophysical 
media  in  a  number  of  remote  sensing  applications.  Unlike 
long-range  and  intermediate-range  radar  systems,  the 
sensitivity  of  short-range  radars  is  not  limited  by  thermal 
noise,  but  rather  by  reflections  and  leakage  signals  from  the 
antenna  and  RF  section[l].  These  leakage  signals  and  their 
sidelobes  are  the  primary  sources  of  unwanted  signals 
(coherent  noise)  in  short-range  FM  radar  systems.  We  have 
employed  coherent  noise  reduction  techniques  to  reduce  the 
effects  of  these  unwanted  signal  sources.  Reduction  of  these 
coherent  noise  sources  is  critical  to  obtaining  accurate 
backscatter  measurements  from  geophysical  targets.  Recent 
advances  include  the  use  of  phase  correction  to  overcome 
limitations  due  to  drift  of  local  oscillators  and  effects  of 
temperature  changes  on  the  system.  Here  we  present  results 
from  the  standard  and  phase-corrected  coherent  noise 
reduction  techniques.  These  techniques  increased  the 
dynamic  range  of  field  and  laboratory  measurements  of  radar 
backscatter  from  sea  ice  and  allows  us  to  use  data  from  past 
experiments  that  had  previously  been  discarded  due  to  low 
signal-to-noise  ratio. 

INTRODUCTION 

Typically,  measurements  in  which  no  target  is  present,  or 
sky  measurements,  are  used  to  determine  coherent  noise 
sources  in  FM  scatterometer  data.  These  measurements  often 
are  not  feasible  when  performing  measurements  in  the  field 
because  of  limitations  in  the  experiment  set-up.  Furthermore, 
time  taken  to  perform  sky  measurements  reduces  experiment 
time  that  is  better  spent  observing  backscatter  changes  that 


may  occur  on  short  time  scales  due  to  rapid  geophysical 
changes.  In  addition,  the  movement  of  the  radar  system  to 
obtain  these  measurements  often  results  in  flexing  of  the 
cables  used  to  couple  the  radar  system  with  the  antenna.  This 
reduces  the  effectiveness  of  noise  reduction  with  sky 
measurements. 

We  have  developed  coherent  noise  reduction  techniques 
that  use  only  the  measurements  from  the  distributed 
geophysical  targets,  and  do  not  require  sky  measurements. 
These  techniques  rely  on  the  property  that  signals  from 
distributed  targets  vary  spatially  and  temporally,  whereas 
returned  signals  from  systematic  sources  do  not  vary 
spatially,  and  only  vary  slowly  with  time.  We  have  also 
added  a  phase  correction  method  to  account  for  variations  in 
the  phase  of  the  systematic  noise  sources.  This  extends  the 
noise  reduction  method  to  apply  to  systems  whose  phase 
stability  is  not  optimum,  and  situations  in  which 
measurements  are  obtained  over  long  periods  of  time.  The 
coherent  noise  reduction  technique,  with  phase  correction 
reduced  systematic  noise  sources  by  as  much  as  50  dB  in 
experiments  performed  in  the  field.  These  methods  have 
allowed  us  to  process  data  obtained  from  past  experiments  of 
radar  backscatter  from  sea  ice  that  had  been  previously 
discarded  due  to  low  signal-to-noise  ratio. 

COHERENT  NOISE  REDUCTION  (CNR) 

Since  1992  we  have  used  a  coherent  noise  reduction 
(CNR)  technique  to  process  scatterometer  data.  This 
technique  is  described  in  detail  in  previous  work  [2]. 
Essentially,  the  algorithm  capitalizes  on  the  fact  that 
unwanted  systematic  reflections  within  the  system  are  phase 
coherent,  whereas  reflections  from  the  target  of  interest  are 
not  coherent  from  sample  to  sample.  The  method  uses  only 
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samples  obtained  from  the  measurements  from  the 
geophysical  target  of  interest  (e.g.  sea  ice)  and  do  not  require 
special  calibration.  The  only  limitation  is  that  the  system 
must  be  coherent  over  the  period  of  time  in  which 
measurements  are  used  to  compute  the  coherent  noise 
sources.  The  performance  of  the  CNR  technique  is  limited 
by  the  amplitude  and  phase  fluctuations  which  occur  in  any 
system  due  to  temperature  effects  or  movement  of  cables. 
Typical  phase  and  amplitude  shifts  have  been  shown  to  be 
capable  of  significantly  degrading  the  performance  of  the 
standard  CNR  [3].  The  coherent  noise  reduction  algorithm 
previously  used  has  been  successful  for  most  data  sets 
analyzed,  but  is  subject  to  these  limitations. 

PHASE-CORRECTED  CNR  (PC-CNR) 

Significant  improvement  in  the  CNR  method  can  be 
obtained  by  introducing  a  phase  correction  to  the  process. 
The  phase  drift  from  the  systematic  noise  sources  is  estimated 
for  each  sample  to  be  used.  Each  measurement  is  corrected 
by  this  phase  to  force  the  systematic  noise  sources  to  be  fully 
coherent.  This  requires  a  dominant  systematic  noise  source, 
such  as  the  primary  antenna  reflection,  which  is  ubiquitous  in 
FM  scatterometer  measurements. 

The  technique  to  correct  for  phase  variations  between 
measurements  consists  of  five  steps.  First,  one  of  the  radar 
return  signals  is  designated  the  reference  signal  (vq)  and 
subsequent  return  signals  (vi)  are  phase  corrected  to  this. 
Second,  a  prominent  coherent  reflection  (usually  the  primary 
antenna  reflection)  is  located  in  the  IF  spectrum  of  v^  and 
designated  as  the  reference  spike.  Third,  both  the  reference 
signal  and  each  Vj  are  filtered  around  the  reference  spike. 
Fourth,  the  phase  difference  between  the  filtered  signals  is 
deterrnined.  Fifth,  the  return  signal  v,  is  advanced  in  phase 
according  to  the  phase  difference  measured  to  correct  for 
phase  errors. 

The  phase-corrected  coherent  noise  reduction  (PC-CNR) 
process  was  applied  to  data  obtained  with  a  C-band  FM  radar 
systems  and  a  recently  developed  wideband,  plane-wave 
step-frequency  radar  [4].  Results  of  PC-CNR  for  both  radar 
systems  are  presented  below. 

PC-CNR  RESULTS 

The  phase-corrected  coherent  noise  reduction  process 
(PC-CNR)  was  applied  to  data  obtained  with  FM  radar 
systems  during  a  field  experiment  in  1991  and  to  data 
obtained  during  experiments  at  the  US  Army  Cold  Regions 
Research  and  Engineering  Laboratory  (CRREL)  experiments 
between  1988  and  1995.  We’ve  also  applied  an  extension  of 
the  technique  to  data  from  the  wideband  plane  wave  system 
used  during  CRREL’95. 


The  result  for  the  phase-corrected,  coherent  noise 
reduction,  applied  to  FM  radar  data  is  shown  in  Fig.  la  as  the 
solid  curve,  with  the  original  spectrum  (no  CNR)  as  the 
dashed  curve.  Here  each  of  the  coherent  noise  signals  is 
reduced  by  approximately  25  dB,  and  the  IF  spectrum  is 
clearly  improved.  The  true  test  of  the  improvement,  though, 
is  illustrated  by  a  direct  comparison  of  the  PC-CNR  process 
with  the  standard  CNR  process  for  these  data  in  Fig.  lb. 
Here  we  observe  that  the  standard  CNR  suppresses  the  noise 
spikes  by  less  than  5  dB.  This  is  caused  by  the  fact  that  the 
data  were  obtained  over  a  long  period  of  time  (nearly  24 
hours),  and  any  of  a  number  of  sources  of  phase  drift  have 
resulted  in  a  degradation  of  the  CNR  process.  However,  the 
PC-CNR  result  has  reduced  the  coherent  portions  of  the 
spectrum  by  an  additional  10  to  15  dB.  The  improvement  of 
PC-CNR  over  standard  CNR  may  be  better  illustrated  on  a 
linear  scale  as  depicted  in  Fig.  2.  Here  it  is  clear  that  the 
return  from  the  target  (sea  ice)  at  a  range  of  approximately  23 
m  is  the  dominant  return  after  phase-correction.  The 
standard  CNR  does  not  significantly  reduce  the  unwanted 
noise  spikes  for  these  data. 

We  also  applied  the  PC-CNR  process  for  wideband  data 
to  measurements  obtained  during  CRREL'95  and  the  results 
are  shown  in  Fig.  3.  These  results  demonstrate  that  the  PC- 
CNR  improves  the  measurement  over  the  standard  CNR. 
The  PC-CNR  improves  the  SNR  in  the  vicinity  of  the  surface 
return  by  20  to  25  dB. 

CONCLUSIONS 

We  have  developed  coherent  noise  reduction  (CNR)  and 
phase-corrected  coherent  noise  reduction  (PC-CNR) 
techniques  to  improve  radar  backscatter  measurements  with 
short-range  FM  and  step-frequency  radar  systems.  Short- 
range  radar  systems  are  not  limited  by  thermal  noise,  but  by 
the  leakage  and  reflection  signals  from  the  antenna  and  RF 
sections.  The  coherent  noise  reduction  techniques  developed 
here  reduce  the  effects  of  these  leakage  and  reflection  signals. 
These  schemes  hinge  on  the  fact  that  the  returns  from 
distributed  targets  are  non-coherent  from  sample  to  sample 
and  that  the  returns  from  systematic  sources  are  coherent 
from  sample  to  sample.  Phase-correction  algorithms  for 
improving  the  CNR  process  in  the  presence  of  phase 
variations  caused  by  oscillator  drift,  cable  flexing  or 
temperature  fluctuations  were  also  developed.  These 
algorithms  result  in  measurements  whose  sensitivity 
approaches  the  thermal  noise  floor,  rather  than  being  limited 
by  systematic  leakage  and  reflection  signals. 
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Fig.  2.  Result  from  Fig.  la,  plotted  on  a  linear  scale  to 
illustrate  the  suppression  of  coherent  noise  in  the  IF 
spectrum. 
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Fig.  1.  Result  of  coherent  noise  reduction  with  phase 
correction,  (a)  The  corrected  IF  spectrum  is  plotted  along 
with  the  original  to  demonstrate  the  suppression  of  unwanted 
coherent  noise  spikes,  (b)  Result  of  CNR  with  phase 
correction,  compared  to  CNR  without  phase  correction. 


Fig.  3.  PC-CNR  for  wideband,  step-frequency  radar 
measurements,  compared  to  the  original  spectrum  The 
antenna  reflection  is  reduced  by  50  dB,  whereas  standard 
CNR  (not  shown)  resulted  in  25-dB  suppression. 


117 
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Abstract  -  We  have  developed  a  new  electromagnetic, 
hand-held,  ultra  wide-band  probe  for  the  In-Situ  mea¬ 
surement  of  the  complex  dielectric  constant  of  sea  ice  in 
the  frequency  range  of  1  to  10  GHz.  The  probe  uses 
two  antennas  mounted  on  a  cylinder.  One  of  the  anten¬ 
nas  transmits  a  wide-band  pulse  that  propagates  through 
the  ice  and  is  received  by  the  second  antenna.  From  the 
received  signal  we  can  extract  the  complex  dielectric  con¬ 
stant.  In  order  to  calibrate  the  results  we  developed  a  nu¬ 
merical  model  for  the  probe  using  the  FDTD  technique. 
With  this  model  we  can  reproduce  the  measurements  and 
introduce  calibration  factors  in  order  to  extract  the  di¬ 
electric  constant.  A  brief  description  of  the  probe  and  its 
FDTD  model  will  be  given.  Results  for  sea  ice  grown  at 
the  CRREL  facility  will  be  presented. 


INTRODUCTION 

In  recent  years  the  scattering  behavior  of  sea  ice  has 
been  widely  investigated,  and  efforts  are  made  to  de¬ 
velop  forward  and  inverse  scattering  models  that  will 
give  insight  into  the  composition  of  sea  ice  from  remotely 
recorded  radar  signatures.  Therefore  there  is  a  need  to 
determine  the  dielectric  constant  behavior  of  sea  ice  ver¬ 
sus  such  parameters  as  depth,  temperature,  salinity  and 
frequency.  Most  of  the  previous  attempts  to  measure  the 
dielectric  constant  of  sea  ice  were  done  in  laboratory  set¬ 
tings  where  a  slab  of  ice  was  cut  and  transported  to  the 
measuring  device.  These  types  of  measurements  usually 
introduce  uncertainties  in  the  results  since,  unlike  fresh¬ 
water  ice,  sea  ice  has  embedded  in  it  brine  inclusions 
and  air  gaps  [1,  2];  these  inclusions  will  be  significantly 
perturbed  by  the  extraction  and  transportation  process 
due  to  melting  and  draining  of  the  sea  ice  sample.  The 
first  section  deals  with  the  design  of  the  electromagnetic 
probe  and  its  FDTD  model,  then  in  the  following  section 
we  show  some  dielectric  constant  results  obtained  for  sea 
ice  grown  at  the  CRREL  facility. 
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Figure  1:  Geometry  of  the  Electromagnetic  Probe 


PROBE  DESIGN  AND  FDTD  MODEL 

A  schematic  diagram  for  the  ice  probe  is  shown  in 
Fig.  1. 

Two  semi-rigid  coaxial  cables  are  inserted  into  a  copper 
cylinder  having  the  dimensions  shown;  One  of  the  cables 
extends  to  the  end  of  the  cylinder  and  the  other  to  a 
distance  of  5  cm  from  the  end. 

The  middle  antenna  is  located  in  a  semi-circular  slot 
of  radius  2  mm,  see  Fig.  2. 

Both  antennas  are  covered  with  plexiglass  caps  of  the 
same  diameter  as  the  copper  cylinder. 
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The  separation  between  the  two  antennas  is  chosen 
to  give  a  significant  path  length  in  the  material  while 
still  insuring  a  good  spatial  resolution  when  measuring 
dielectric  constant  profiles. 

In  order  to  perform  a  measurement,  the  probe  is  con¬ 
nected  to  a  network  analyzer  which  is  controlled  by  a  per¬ 
sonal  computer.  The  network  analyzer  sweeps  through 
frequencies  from  1  to  10  GHz. 

A  hole  of  the  same  diameter  as  the  probe  is  drilled  and 
the  probe  inserted  in  the  material. 

To  minimize  any  measurement  errors,  care  should  be 
taken  to  eliminate  any  air  gaps  between  the  probe  and  the 
material  walls.  Also  any  reflections  from  the  edges  of  the 
sample  should  be  gated  out  so  they  don’t  interfere  with 
the  direct  signal  between  the  transmitter  and  receiver. 

In  order  to  calibrate  and  interpret  the  measurements 
done  with  the  probe,  we  developed  a  numerical  model 
using  the  PDTD  technique. This  technique  first  proposed 
by  Yee  [3]  has  recently  been  used  to  model  antennas.  In 
this  model  we  use  the  PML  medium  formulation  intro¬ 
duced  by  Berenger  [4]. 

The  building  blocks  of  the  model  are  as  follows: 

1.  Space  and  time  steps 

The  coaxial  cable  radius  is  .15  cm  and  the  cell  sizes 
in  the  x,y  and  z  directions,  Aa;,  Ay  and  A2;  respec¬ 
tively,  were  chosen  to  be  .15  cm.  This  space  step 
is  one  twentieth  of  a  wavelength  at  10  GHz.  The 
time  step  Af  is  computed  according  to  the  Courant 
stability  condition  for  the  three-dimensional  FDTD 
algorithm  and  is  given  by: 

At  <  2.89ps;  we  choose  At  =  2.59ps;  The  code  was 
executed  for  1500  time  steps  giving  a  total  running 
time  of  3.89  ns. 

2.  Source  and  receiver 

The  coaxial  cables  are  simulated  using  four  cells  in 
the  x-y  plane  backed  by  a  perfect  electric  conductor 
as  shown  in  Fig.  2. 

The  center  conductor  of  the  coax  was  modeled  us¬ 
ing  contour  integration  method,  by  setting  the  elec¬ 
tric  field  in  the  z-direction,  Ez ,  to  zero  at  the  inter¬ 
section  of  the  four  cells  and  using  special  updating 
expressions  for  transversal  magnetic  fields  in  the  x 
and  y-directions. 

Both  coaxes  are  terminated  with  a  PML  absorbing 
boundary  condition  to  absorb  the  waves  propagat¬ 
ing  in  the  negative  z-direction. 

In  order  to  launch  the  source  pulse,  which  is  a  dif¬ 
ferentiated  Gaussian,  we  initialize  the  four  transver¬ 
sal  electric  fields  in  the  coax  to  simulate  a  TEM 
wave  (Fig.  2).  the  received  signal  is  sampled  inside 
the  coax  connected  to  the  middle  antenna. 


(a) 


(b)  x-y  plane  cut  showing  slot  and  coaxial  cable 

Figure  2:  Detailed  Geometry  Near  Middle  Antenna, (a) 
3-D  plot  of  middle  antenna,  (b)  2-D  cut  showing  the 
FDTD  models  of  Cylinder,  Cap,  Screws,  Slot  and  Coax¬ 
ial  Cable 

3.  Antennas 

The  two  antennas  are  also  modeled  with  the  same 
thin  wire  approximations  used  for  the  center  con¬ 
ductor  of  the  coaxial  cables. 

The  plexiglass  caps  around  the  antennas  were  mod¬ 
eled  by  setting  the  real  part  of  the  dielectric  for  the 
corresponding  cells  to  2.7,  that  of  plexiglass;  the 
conductivity  for  this  material  is  4*10”^.  Stair-step 
approximation  is  used  for  the  circular  cap  surface. 

4.  Copper  Cylinder 

In  order  to  model  the  circular  conducting  cylinder 
we  made  use  of  the  half- ceil  contour  integral  for¬ 
mulation  as  shown  in  Fig.  2.  Each  of  the  screws 
holding  the  middle  cap  to  the  cylinder  is  modeled 
by  one  FDTD  cell. 

5.  Absorbing  Boundary  Condition 

The  space  around  the  probe  is  terminated  by  the 
Perfectly  Matched  Layer  (PML  ABC)  introduced 
by  Berenger  [4].  This  type  of  ABC  gives  very  low 
levels  of  refiection  at  the  boundary  by  using  a  lossy 
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material  that  is  matched  to  the  material  in  the  com¬ 
putation  space  in  the  three  Cartesian  coordinate  di- 
rectionfs.  We  use  a  PML  layer  made  up  of  13  FDTD 
cells  having  a  dielectric  constant  €pml  =  and  a 
conductivity 


^PML  —  ^max 


(1) 


where 

amax  =  8.0,  d  =  13  *  Aaj  =  0.0195  m,  and  i  goes 
from  1  to  13. 

em  and  am  are  the  real  part  of  the  dielectric  con¬ 
stant  and  conductivity  of  the  material  surrounding 
the  probe  in  the  cells  adjacent  to  the  PML  absorb¬ 
ing  layer. 


NUMERICAL  RESULTS 

The  computed  and  measured  transmission  coefficient  (521 
between  the  probe  antennas  when  the  surrounding  medium 
is  free  space  are  shown  in  Fig.  3.  The  two  curves  are 
within  2  dB  for  the  frequency  range  from  1  to  11  GHz, 
hence  the  FDTD  model  is  a  good  numerical  representa¬ 
tion  of  the  actual  probe. 

After  running  the  code  for  several  values  of  real  part 
and  conductivity  values  we  get  a  set  of  factors  that  we 
use  to  calibrate  the  sea  ice  measurements.  A  plot  of  the 
calibrated  real  and  imaginary  parts  for  a  sample  of  sea 
ice  at  a  depth  of  6  cm  and  temperature  of  -4.82  degrees 
is  shown  in  Fig.  4  . 
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Coupled  signal  b/w  antennas  in  Free  Space 


Figure  3:  S21  in  free  space.  Measured  and  FDTD  results 


106_90:  depth=  6  cm  temp  =  -4.82  C 
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Figure  4:  Complex  Dielectric  Constant  of  Artificially 
Grown  Sea  Ice 
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ABSTRACT 


Nearshore  ice  surface  roughness  and  snow  thickness  were 
surveyed  with  an  autolevel  on  Lake  Superior  for  application  to 
multisensor  satellite  remote  sensing  of  Great  Lakes  ice  cover. 
Topographic  transects  across  four  commonly  occurring  ice 
facies  were  measured  with  0.2  cm  vertical  and  5.0  cm  hori¬ 
zontal  resolutions.  The  four  ice  facies  rank  in  roughness  as 
follows  (RMS  roughness  (cm)  /  correlation  length  (cm)  in 
parentheses):  single  large  pressure  ridge  (30/125),  series  of 
small  pressure  ridges  (16/1 10),  ball  ice  zone  (8/70)  and  young 
ice  cakes  (5/145).  Thin  snow  cover  was  widespread  on  the 
nearshore  facies,  with  potential  for  generating  diumally- vary¬ 
ing  melt  related  changes  in  electromagnetic  signatures  during 
spring  warming. 

INTRODUCTION 


Ice  cover  is  a  major  component  of  the  Great  Lakes  annual 
hydrometeorological  cycle,  governing  winter  and  spring  mass 
and  energy  fluxes  at  the  lakes  surfaces,  weather,  shipping  sea¬ 
son  duration  and  shoreline  processes.  Current  ice  monitoring 
programs  employ  combinations  of  shore,  ship,  aircraft  and 
multisensor  satellite  observations  to  produce  ice  cover  infor¬ 
mation  products.  Radar  sensors  are  used  increasingly  to  pro¬ 
vide  day/night,  weather  independent,  high  spatial  resolution 
(10-100  m),  volume  and  surface  sensitive  information  about 
ice  cover. 

Ice  backscatter  from  freshwater  ice  is  very  dependent  upon 
surface  roughness  both  for  SAR  and  radar  altimetry,  thereby 
necessitating  in  situ  surface  roughness  studies.  In  general,  the 
physical-electromagnetic  properties  of  Great  Lakes  ice  have 
received  less  attention  than  polar  sea  ice.  Previous  studies  of 
Great  Lakes  ice  properties  include  [1-4],  and  specific  micro- 
wave  studies  include  [5-6]. 

This  paper  is  primarily  descriptive  in  nature,  part  of  an 
ongoing  process  to  develop  on-ice  ground  truth  for  multisen¬ 
sor  remote  sensing  of  Great  Lakes  ice  cover.  Ice  roughness 
profiles  and  statistics  presented  here  may  be  useful  to  readers 


interested  in  Great  Lakes  and,  comparatively,  sea  ice  rough¬ 
ness  characteristics. 

FIELD  OBSERVATIONS 


Four  study  transects  were  surveyed  with  an  autolevel  in  late 
February  1996  at  two  sites  on  Michigan’s  Keweenaw  Penin¬ 
sula  (Fig.  1)  with  the  objective  of  measuring  ice  surface 
roughness  and  snow  thickness.  Ice  heights  are  collected  by 
sighting  through  the  autolevel  to  the  stadia  positioned  at  regu¬ 
lar  intervals  along  the  transect  (Fig.  2).  Supraice  snow  thick¬ 
ness  was  measured  concurrently. 

Autoleveling  is  advantageous  in  that  it  is  relatively  inexpen¬ 
sive,  requires  no  sophisticated  electronic  equipment  and  per¬ 
mits  surveying  of  long  (10-100  m  scale)  transects.  The 
disadvantage  here  is  the  relatively  coarse  horizontal  resolution 
(limited  by  the  width  of  the  stadia  base,  ~4.0  cm). 

This  is  a  ‘macro-roughness’  study,  in  contrast  with  sub-cm 
resolution  micro-roughness  surveys  which  require  more  spe¬ 
cialized  equipment  [7,8].  A  5.0  cm  horizontal  sampling  inter¬ 
val  makes  these  ice  roughness  data  perhaps  more  pertinent  to 
backscatter  at  longer  radar  wavelengths  (e.g.,  L  and  P  bands). 
The  data  apply  also  to  mapping  multi-km  scale  surface  rough¬ 
ness  zones  that  influence  passive  microwave  emissivity. 

Four  common  and  morphologically  distinct  ice  facies  were 
surveyed:  1)  a  portion  of  a  single  large  pressure  ridge,  2)  a 
rafted  accretionary  sequence  of  several  small  pressure  ridges, 
3)  a  ball  ice  zone  and  4)  young  ice  cakes  (Table  1;  Fig.3). 
They  appear  by  visual  inspection  to  be  representative  of 
major  ice  types  in  the  region.  The  four  ice  facies  fall  into  two 
thermal  signature  categories  evident  in  Fig.  1:  facies  1-3 
occur  in  colder,  thicker,  older,  deformed  shore  fast  ice;  facies 
4  represents  warmer,  thinner  young  ice  that  probably  formed 
in  a  Great  Lakes  -wide  freezing  event  around  February  2, 
1996.  Transects  1-3  were  oriented  perpendicular  to  shore; 
transect  4  was  oriented  to  cross  two  ice  cakes. 


This  study  was  funded  in  part  by  NASA  Fellowship  for  Global  Change  Research  #1956-GC92-0312  and  Michigan  Space  Grant  Consortium 
Seed  Grant  #79827. 
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Fig.  1.  Locations  of  ice  topographic  transects  (Facies  (F)  1- 
4)  on  Michigan’s  Keweenaw  Peninsula  (KP)  on  Lake  Supe¬ 
rior.  Thermal  infrared  image  (band  4  AVHRR)  8:11  UTC 
Feb.  4,  1996.  Old,  deformed  ice  (F  1-3)  appears  in  brighter 
grey- white  tones  (-24  to  -18  C°)  and  young  ice  (F  4)  in 
medium  grey  tones  (-17  to  -2  C°).  The  lake  is  extensively 
ice  covered  with  young  ice;  open  water  is  confined  prima¬ 
rily  to  the  area  beneath  (and  source  of)  the  lake  effect  snow 
clouds  in  the  eastern  basin. 


Fig.  2.  Autoleveling  survey  in  the  small  pressure  ridge 
facies. 


Facies  1  :  single  large  pressure  ridge 
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Facies  2:  series  of  snnair  pressure  ridges 
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Facies  3:  ball  ice 
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Facies  4:  young  ice 


3 


0  200  400  600  800  1000  1200  1400  1600  1800  2000 

POSITION  ALONG  TRANSECT  (cm) 

Fig. 3.  Topographic  profiles  of  the  four  ice  facies.  Thick  line=ice  height  above  local  base  level;  thin  line=snow  thickness 
above  ice.  Profiles  1-3  extend  lakeward  from  0  position. 
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Table  1:  Field  measured  ice  roughness  and  snow  thickness  parameters 


facies 

RMS 

rough¬ 

ness 

(cm) 

correlation 
length  (cm)® 

mean 

height 

(cm) 

ice  slab 
thickness 
(cm) 

min-max 

snow 

thickness 

(cm) 

transect 

length 

(m) 

horizontal 

sampling 

interval 

(cm) 

1.  large  pressure  ridge: 

rafted  clear  thick  conge¬ 
lation  ice 

30.2 

125 

30-40 

0-14 

3.2/ 3.8 

10 

5.0 

2.  small  pressure  ridges: 

accretionary  sequence  of 
rafted  clear  thin  congela¬ 
tion  ice 

15.7 

no 

63 

■ 

1-38 

13.9/6.8 

32 

5.0 

3.  ball  ice: 

ice  balls  and  slush  ice 
conglomerate 

7.8 

20 

21 

10-40 
(hall  diam¬ 
eter) 

0-24 

7.9/ 5.3 

18 

20.0*’ 

4.  young  ice: 

2  clear  ice  cakes  and 
interstitial  brash  ice 

4.8 

145 

30 

20-30 

negligi- 
ble  snow 

n.a. 

20 

5.0 

a.  Correlation  length:  distance  at  which  normalized  autocorrelation  function=l/e. 

b.  20  cm  for  first  16  m  of  transect;  5  cm  for  final  2  m. 


RESULTS 


The  ice  surface  roughness  and  snow  depth  data  collected  in 
this  study  will  be  applied  to  interpretation  of  multisensor  sat¬ 
ellite  imagery  of  Great  Lakes  ice  cover.  Two  major  morphoge¬ 
netic  regimes  were  sampled;  old,  moderately  deformed  shore 
fast  ice,  and  clear,  young  congelation  ice.  These  two  regimes 
are  readily  discriminable  in  AVHRR  thermal  and  infrared 
imagery,  and  should  be  discriminable  in  satellite  radar  imag¬ 
ery.  Snow  cover  was  nearly  ubiquitous  on  the  shore  fast  facies, 
with  potential  for  generating  areally  extensive,  diurnally- vary¬ 
ing,  melt-induced  electromagnetic  signature  changes  upon 
spring  warming. 
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Abstract:  To  improve  the  utility  of  the  scatterometer  for 
land  and  ice  studies,  the  Scatterometer  Image  Reconstruction 
(SIR)  resolution  enhancement  algorithm  has  been  developed 
to  exploit  the  frequent  overlapping  coverage  provided  by  the 
scatterometer.  In  this  paper,  we  examine  the  effects  of  feature 
motion  on  SIR  imagery  and  show  the  similarity  of  SIR  motion 
imagery  to  low  pass  filtered  truth  images.  Also,  resolution 
improvement  is  qualified  by  examining  radiometric  accuracy 
as  a  function  of  spatial  frequency.  The  SIR  algorithm  applied  to 
ERS-1  scatterometer  data  provides  a  33%  gain  in  radiometric 
accuracy  when  compared  to  simple  image  reconstruction  of 
raw  scatterometer  data. 

INTRODUCTION 

Spaceborne  scatterometers  are  currently  used  to  monitor 
and  study  near  surface  ocean  winds  on  a  global  scale.  The 
temporal  and  spatial  resolution  of  the  scatterometer  make  it 
a  useful  instrument  for  studying  these  atmospheric  processes. 
Recently,  the  scatterometer  has  also  been  used  to  study  non- 
ocean  surface  conditions  (e.g.  [1]  [2]  [3]).  However,  while  the 
temporal  coverage  of  the  scatterometer  is  good  for  rapid  repeat 
coverage  of  the  Earth’s  surface,  the  nominal  spatial  resolution 
of  50  km  is  inadequate  for  detailed  classification  of  non-ocean 
surface  conditions. 

In  order  to  improve  the  resolution  of  the  scatterometer  data, 
a  resolution  enhancement  technique  has  been  developed  to 
exploit  the  frequent,  overlapping  coverage  of  the  spaceborne 
scatterometer  [4].  The  Scatterometer  Image  Reconstruction 
(SIR)  algorithm  is  particularly  useful  for  polar  ice  studies 
because  of  the  high  temporal  and  spatial  coverage  provided 
by  scatterometers,  and  in  fact  the  algorithm  has  been  applied 
successfully  to  Seasat  scatterometer  data  over  Greenland  glacial 
ice  in  [3].  It  can  also  be  used  with  ERS-1  data. 

ERS-1  AND  SIR 

The  ERS-1  scatterometer  measurements  are  delivered  on  a 
25  km  grid  of  cells  or  resolution  elements  for  each  orbit.  Each 
cell  has  cos^  response  as  illustrated  in  Fig.  1  which  is  a  result 
of  averaging  several  discrete  pulses  into  a  single  reading.  The 
general  effect  of  this  averaging  is  a  low  pass  filter  on  the 
collected  data.  The  high  frequency  loss  is  accentuated  by  the 
fact  that  the  ERS-1  roll  off  function  extends  to  a  radius  of 
nearly  50km,  larger  than  the  nominal  25  km  grid  spacing. 

SIR  attempts  to  recover  as  much  of  the  frequency  infor¬ 
mation  as  possible  from  the  scatterometer  data  stream.  By 


Figure  1:  Geometry  of  the  ERS-1  Footprint.  Each  measurement 
cell  has  a  latitude  and  longitude  that  specify  the  center  of 
the  cell.  The  cr®  is  assumed  to  have  a  cosine-squared  roll 
off  characteristic,  with  the  3  dB  point  at  50km.  (Personal 
Communication,  E.  Attema) 

using  several  days  worth  of  data,  multiple  overlapping  cells 
are  algebraically  recombined  in  a  weighted  iterative  process. 
Resolution  enhancement  is  achieved  by  backprojecting  the  data 
onto  a  higher  resolution  grid.  The  achievable  enhancement  is 
determined  in  part  by  the  overlap  characteristics  of  the  cells 
and  the  cell  shape.  Seasat  data,  for  instance,  can  be  enhanced 
to  greater  resolution  than  ERS-1  data  because  the  cell  shape 
is  oblong,  resulting  in  a  higher  spatial  sampling  in  one  direc¬ 
tion.  Recombination  of  several  days  of  data  with  various  cell 
orientations  results  in  a  greater  resolution  enhancement  than  is 
possible  with  the  larger,  circular  ERS-1  cell  shapes.  However, 
SIR  does  provide  resolution  enhancement  to  increase  the  use 
and  applicability  of  ERS- 1  data  over  land  and  ice. 

This  paper  addresses  the  issue  of  radiometric  and  frequency 
error  in  the  SIR  algorithm  for  ERS-1  data.  Because  SIR  was 
originally  developed  for  use  over  the  Amazon  where  microwave 
signatures  are  relatively  stable  over  periods  of  days,  there  is 
a  need  to  characterize  the  behavior  of  the  algorithm  over  the 
more  dynamic  polar  ice  regions.  For  brevity,  we  consider  only 
the  simple  characterization  of  the  SIR  algorithm  as  a  low  pass 
filter  for  surfaces  in  motion  and  radiometric  accuracy  of  SIR 
compared  to  nominal  ERS-1  resolution. 

METHODOLOGY 

Simulated  data  is  used  to  characterize  the  SIR  imagery.  High 
resolution  test  scenes  are  processed  using  cell  location,  azimuth 
and  incidence  angle  information  extracted  from  actual  ERS-1 
scatterometer  data.  The  cell  response  shown  in  Fig.  1  is  used 
in  calculating  the  simulated  values.  For  the  purposes  of  this 
simulation,  we  assume  that  this  response  is  exact  and  that  there 
is  no  location  error  in  the  latitude  and  longitude  extracted  from 
the  actual  ERS-1  data. 

We  model  a'’  as  a  linear  function  of  incidence  angle: 

=  A -^3(0-40^)  (1) 
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Figure  2:  Example  test  image  and  SIR  output.  Plot  (A)  is  the 
original  single  step  image.  Plot  (B)  is  the  output  of  SIR. 

where  0  has  been  normalized  to  40^,  the  median  incidence 
angle  in  the  data.  Each  test  scene  consists  of  two  colocated 
images:  an  A  image  and  a  B  image.  In  this  study,  the  test  scenes 
are  at  1  km/pixel  resolution.  For  any  given  cell  measurement, 
we  assume  that  the  incidence  angle  is  identical  for  each  pixel 
in  the  footprint.  For  each  pixel,  the  cr^  value  for  that  pixel  is 
calculated  based  on  the  A  and  B  values  from  the  test  images 
and  the  incidence  angle  associated  with  the  cell  using  (1).  The 
cos^  weighting  function  is  applied  and  the  weighted  average 
of  the  pixels  within  a  footprint  represent  a  linear  estimate  of 

for  the  test  ‘surface’. 

The  simulated  data  stream  is  then  processed  with  SIR. 
Surface  plots  of  sample  input  and  output  image  are  shown  in 
Fig.  2.  The  test  scenes  used  in  this  study  are  two-level  scenes  as 
illustrated  in  Fig.  2(A).  Step  sizes  vary  from  2  dB  to  20  dB,  but 
the  results  for  various  step  sizes  have  negligible  differences. 

A  total  of  5  days  of  location,  azimuth  and  incidence  data  are 
extracted  from  the  ERS-1  data  set.  Motion  scenes  are  created 
using  five  A  and  B  image  sets,  one  for  each  day.  The  scenes 
are  considered  stationary  over  each  day  period.  Motions  of  2 
km/day,  5  km/day,  10  km/day,  15  km/day  and  30  km/day  are 
considered,  although  a  sustained  speed  of  30  km/day  in  sea  ice 
is  unlikely. 

Comparison  images 

Comparison  of  SIR  imagery  to  low  pass  filtered  versions  of 
the  original  high  resolution  imagery  is  used  to  assess  the  SIR 
algorithm  performance.  Each  test  scene  in  this  study  is  low  pass 
filtered  to  create  a  ‘truth’  image  for  comparison  with  the  SIR 
output.  The  low  pass  filter  used  to  create  comparison  ‘truth’ 
images  is  ideal  with  a  spatial  cutoff  frequency  equivalent  to  the 
resolution  of  the  SIR  imagery.  For  motion  over  multiple  days, 


Wavelength  (km) 


Figure  3:  Convergence  of  the  maximum  dB  levels  for  the  SIR 
algorithm  and  a  simple  single  pass  reconstruction.  Note  SIR 
becomes  more  accurate  relative  to  the  true  dB  level  faster  than 
the  simple  grid  reconstruction  even  with  the  overshoot. 

each  day’s  image  is  low  pass  filtered  and  the  truth  image  is 
created  by  averaging  the  indivi  ''ually  filtered  daily  images. 

RESULTS 

Because  the  ERS-1  footprint  extends  beyond  the  nominal 
25km  grid  spacing  (approximately  a  100  km  diameter  circle), 
significant  reduction  of  the  spatial  frequency  content  of  the 
original  image  is  expected  at  wavelengths  less  than  100km. 
The  SIR  algorithm  enhances  the  frequency  content  and  results 
in  a  reconstructed  image  that  is  accurate  at  higher  spatial 
frequencies  than  the  nominal  data  provides.  This  is  illustrated 
in  Fig,  3.  The  SIR  image  converges  to  within  0.5dB  of  the  true 
dB  level  at  wavelengths  of  around  40km,  although  there  is  a 
slight  overshoot.  The  idealized  data  does  not  reach  this  level  of 
accuracy  for  wavelengths  less  than  about  60km. 

We  note  that  the  shape  and  size  of  the  ERS-1  footprint 
severely  limits  the  resolution  enhancement  achievable  by  the 
SIR  algorithm.  In  a  previous  study  using  Seasat,  SIR  achieved 
a  much  greater  resolution  enhancement  because  of  the  shape 
and  distribution  of  the  scatterometer  measurement  cells  [5].  It 
is  expected  that  SIR  will  perform  similarly  well  using  NSCAT 
data. 

Motion 

Fig.  4  shows  profile  comparisons  of  SIR  imagery  with  the 
low  pass  ‘truth’  images.  Note  that  as  the  magnitude  of  the 
motion  increases,  the  overshoot  and  undershoot  of  the  truth 
images  are  reduced  by  the  averaging  of  the  individually  filtered 
day  images,  but  that  the  transition  region  between  the  high  and 
low  dB  levels  is  the  same  for  both  SIR  and  the  low  pass  truth 
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Figure  4:  Cross  sections  of  several  motion  examples.  The  solid 
lines  are  SIR  image  profiles,  the  dotted  lines  are  low  pass 
filtered  truth  image  profiles. 


images.  Also  note  that  the  SIR  images  have  less  over-  and 
undershoot  and  ripple  than  the  low  pass  truth  images. 

Figs.  5(A)  and  5(B)  show  a  comparison  of  15  km/day  motion 
and  30  km/day  motion.  The  ripples  in  the  30  km/day  transition 
region  are  because  the  scatterometer  passes  over  the  regions  at 
various  ascending  aind  descending  angles  which  result  in  unique 
distributions  of  overlapping  cells  in  any  given  scene.  Because 
SIR  uses  multiple  overlapping  cells  to  reconstruct  the  images, 
areas  in  a  scene  that  have  limited  or  reduced  cell  coverage  may 
not  be  as  accurately  reconstructed.  In  Fig.  5(A),  where  the 
underlying  motion  is  more  reasonable,  the  textural  anomalies 
in  the  transition  region  are  less  significant. 

SUMMARY 

The  ability  of  the  SIR  reconstruction  algorithm  to  create 
accurate  images  at  higher  spatial  frequencies  is  illustrated.  SIR 
provides  more  accurate  dB  estimates  at  lower  wavelengths 
resulting  in  an  approximately  33%  resolution  gain  for  errors 
less  than  0.5  dB  when  compared  to  simple  grid  reconstructions 
even  with  the  severe  limitations  of  the  ERS- 1  cell  response.  The 
SIR  algorithm  also  produces  images  of  stationary  scenes  and 
scenes  in  motion  that  are  similar  to  low  pass  filtered  versions  of 
the  original  scenes  allowing  the  algorithm  to  be  characterized 
as  a  low  pass  filter.  Because  of  the  non-linearities  of  the  SIR 
algorithm,  the  overshoot  and  undershoot  characteristic  of  low 


Figure  5:  Comparison  of  two  motion  images.  Plot  (A)  is  15  km 
per  day  motion,  plot  (B)  is  30  km  per  day.  Note  the  textural 
similarities  in  the  transition  regions  and  the  very  flat  response 
in  the  extremities. 

pass  filtering  are  reduced  in  SIR  imagery.  This  suggests  that 
SIR  is  more  effective  than  simple  construction  of  imagery  from 
raw  ERS-1  scatterometer  data. 
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Abstract  -  The  transition  from  a  dry  snow  cover  over  Arctic 
sea  ice  to  a  prevalence  of  melt  pond  features  can  occur  quickly 
—  on  the  order  of  two  weeks  or  less.  As  the  energy  absorption 
and  scattering  properties  of  a  ponded  sea  ice  surface  differ 
radically  from  those  of  a  snow  covered  surface,  calculating  the 
rate  at  which  the  snow  cover  to  melt  pond  ratio  changes  is  cf 
great  significance.  With  their  high  spatial  resolution,  low 
level  aerial  photographs  are  an  excellent  data  source  fw 
monitoring  the  evolution  of  sea  ice  melt  features.  In  this 
study  we  use  a  time  series  of  low  level  sea  ice  photographs  to 
quantify  the  changing  evolution  of  melt  pond  coverage  as  the 
spring  melt  progresses.  The  data  were  collected  as  a 
component  of  the  Seasonal  Sea  Ice  Monitoring  and  Modeling 
Site  (SIMMS)  field  experiment  of  1995  conducted  near 
Resolute,  Northwest  Territories  in  the  Canadian  Arctic 
Archipelago. 

INTRODUCTION 

The  variable  nature  of  Arctic  sea  ice  is  one  of  its 
defining  properties.  Not  only  does  the  areal  extent  change 
vastly  from  season  to  season  and  subtly  from  year  to  year,  but 
the  physical  characteristics  of  the  sea  ice  surface  itself  vary 
greatly  as  well.  One  of  these  variable  parameters  is  the 
presence  of  water  on  and  within  the  sea  ice  and  overlying 
snow  pack,  and  the  resultant  changes  in  surface  albedo.  While 
snow  covered  sea  ice  has  an  albedo  ranging  from  0.6  to  0.9, 
the  albedo  for  standing  water  over  sea  ice  can  drop  below  0.2 
[1],[2].  During  the  spring  melt  season  the  scattered  presence 
of  melt  ponds  thereby  causes  great  spatial  variation  in  ice 
pack  albedo. 

While  the  processes  of  ice  and  snow  ablation  are 
very  complicated  and  not  well  understood,  Arctic  sea  ice 
undergoes  a  positive  feedback  cycle  every  spring  season  which 
illustrates  the  relationship  between  albedo  and  ice  decay  [3]. 
During  winter  and  early  spring,  the  snow  covered  sea  ice 
surface  reflects  nearly  all  incident  radiation.  This,  in 
combination  with  cold  surface  temperatures,  maintains 
relatively  static  ice  conditions. 

The  spring  is  marked  by  an  increase  in  ambient 
temperature,  incident  solar  radiation,  cloud  cover,  and 
precipitation.  As  surface  temperatures  warm,  snow  pack 
temperatures  also  warm  and  as  the  spring  transition  begins 
the  snow  pack  becomes  markedly  wetter.  This  increase  in 
snow  pack  water  content  begins  to  lower  the  surface  albedo 


and  energy  absorption  increases.  This  fiirthers  the  warming 
process  and  melt  pond  features  begin  to  form  on  the  ice 
surfece  with  the  actual  spatial  distribution  of  melt  ponds 
dependent  on  the  heterogeneity  of  surfece  characteristics  such 
as  snow  cover  and  ice  roughness.  The  areas  of  standing  water 
greatly  increase  energy  absorption,  acting  as  solar  radiation 
sinks,  which  accelerates  the  expansion  of  pond  area  and 
increases  further  energy  absorption  [4].  While  the  onset  cf 
melt  can  be  slow  to  occur,  the  initial  presence  of  water  in  the 
snow  pack  triggers  the  rapid  development  of  melt  pond 
features. 

With  a  fine  spatial  resolution  and  user  defined 
temporal  resolution,  a  time  series  of  aerial  photographs  is 
ideal  for  investigating  the  spatial  and  temporal  patterns  cf 
melt  feature  growth.  This  study  quantifies  the  rate  at  which 
melt  features  evolve  spatially  utilizing  low  level  aerial 
photographs  acquired  from  a  tethered  balloon  flown  during  the 
Seasonal  Sea  Ice  Monitoring  and  Modeling  Site  (SIMMS) 
field  experiment  of  1995.  The  raw  images  were  enhanced 
using  a  noise  reduction  filter  and  segmented  into  image 
classes  of  melt  and  non-melt  features.  From  these  images  the 
changing  ratio  of  melt  pond  coverage  to  residual  snow  cover 
can  be  calculated.  Results  from  an  intensive  study  region  are 
compared  to  a  second  area  in  order  to  investigate  the 
consistency  of  results  across  spatially  disparate  images.  A 
final  objective  was  to  compare  areas  of  melt  pond  coverage  in 
late  spring  with  pre-melt  period  images  and  note  which  early 
spring  surface  characteristics  effect  the  spatial  pattern  of  melt 
pond  development  later  in  the  melt  season. 

DATA 

Low  level  aerial  photographs  of  a  first-year  sea  ice 
study  area  were  collected  from  a  tethered  balloon  as  a 
component  of  the  SIMMS’95  field  season  conducted  near 
Resolute  NT  (Fig.  1).  SIMMS  is  a  multidisciplinary  field 
experiment  which  operated  from  April  4  (Day  94)  to  June  19 
(Day  160),  1995  with  balloon  flights  occurring  daily  from 
June  7  (Day  158)  to  June  19  (Day  160).  This  analysis  uses  a 
time  series  of  images  collected  at  a  balloon  flying  height  cf 
300  meters  with  photographic  infrared  film.  Cameras  were 
attached  to  a  gimbal  mount  and  suspended  below  a  helium 
filled  Raven  Industries  TRF-900  balloon.  Complete  technical 
details  are  given  in  [5].  After  the  field  season  the  images  were 
scanned  into  digital  form  for  analysis  at  a  resolution  of  1536 
pixels  by  1024  lines. 
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Although  the  balloon  was  flown  over  the  same  study 
area  each  day,  wind  induced  drift  created  changes  in  the 
photographic  coverage  of  each  image.  In  order  to  isolate  a 
common  area  the  time  series  of  data  was  co-registered  using 
the  PCI  Image  Analysis  System  (V5.3).  Certain  days  in  the 
time  series  (Table  1)  were  omitted  because  of  poor  image 
quality  caused  by  foggy  conditions  which  are  very  prevalent 
during  this  season. 

ANALYSIS  PROCEDURE 

Preliminary  image  analysis  showed  that  standing 
water  with  a  depth  greater  than  10  centimeters  is  relatively 
easy  to  isolate  as  an  image  class  because  of  its  low  spectral 
reflectance.  Also  of  interest,  however,  are  transitional  melt 
areas  which  can  consist  of  very  shallow  standing  water, 
extremely  high  snowpack  wetness,  and  water  beneath  an 
apparent  snow  surface.  These  areas  return  speckled  gray  tones 
that  can  be  very  similar  to  the  areas  of  residual  snow  cover 
and  therefore  are  lost  in  an  image  thresholding  procedure.  To 
include  these  transitional  areas  in  the  melt  feature  class,  and 
improve  overall  thresholding  accuracy,  a  noise  reduction  filter 
was  used  on  the  raw  images  to  adjust  gray  tone  values.  Noise 
was  reduced  using  a  median  filter  with  which  the  center  pixel 
in  a  3x3  neighbourhood  was  replaced  by  the  median  pixel 
value  in  that  neighbourhood. 

Other  methods  of  image  adjustment  such  as  simple 
range  and  variance  texture  operators  were  explored,  and  each 
technique  improved  the  overall  accuracy  of  thresholding.  The 
noise  reduction  filter  was  chosen,  however,  because  it 


Table  1.  Image  acquisition  days  and  times 


Day 

Time 

Day 

Time 

158 

1745 

163 

1300 

159 

1200 

167 

1230 

159 

1700 

169 

1200 

160 

1200 

169 

1700 

160 

1700 

created  an  especially  strong  contrast  between  melt  features  and 
snow  cover,  while  the  integrity  of  fine  discontinuous  zones  rf 
water  and  snow  were  maintained  The  analysis  procedure 
therefore  consisted  of  noise  reduction  filtering,  thresholding 
the  time  series  of  imagery  into  melt  and  non-melt  feature 
classes  (Fig.  2),  and  calculating  the  changing  spatial  ratio  cf 
these  classes.  Finally,  while  the  first  days  of  the  time  series 
show  no  standing  water,  these  early  spring  images  were  also 
thresholded  and  analyzed  in  order  to  examine  any  correlation 
between  bare  ice  and  snow  covered  areas  in  early  spring,  and 
the  relative  location  of  melt  features  in  late  spring. 

RESULTS 

The  primary  goal  of  this  work  was  to  establish  the 
rate  at  which  the  ratio  of  snow  cover  to  melt  feature  areal 
extent  changes  on  first-year  Arctic  sea  ice  during  the  spring 
melt  period.  Calculations  using  low  level  aerial  photographs 
show  a  strong  linear  growth  rate  fi*om  the  onset  of  melt  to 
approximately  a  50:50  snow  cover:melt  feature  ratio  (Fig.  3). 
The  first  day  of  imagery  used  in  the  analysis  (Day  159)  had 
no  standing  water  or  apparent  melt  features  in  the  study  area. 
During  Day  160  melt  feature  growth  started  slowly  and 
progressed  to  8%  coverage  in  one  day.  By  Day  163,  25%  of 
the  image  area  was  in  the  melt  feature  class  and  this  growth 
trend  continued  until  Day  169  when  just  over  53%  of  the 
study  area  was  classified  as  melt  feature.  At  this  point  the 
growth  trend  appears  to  level  off  with  no  significant  change  in 
melt  pond  area  occurring  within  the  span  of  Day  169. 

As  a  means  of  exploring  the  spatial  consistency  cf 
results,  the  study  area  images  from  Day  163,  167,  and  169 
were  compared  to  supplementary  images  of  first-year  sea  ice 
collected  over  different  sea  ice  areas  on  the  same  days.  While 
the  results  indicate  a  close  relationship  in  values  (Table  2), 
additional  supplementary  first-year  sea  ice  images  would  be 
necessaiy  to  more  rigorously  examine  the  reproducibility  rf 


Fig.  3.  Percent  area  in  the  melt  feature  class. 
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Table  2.  Comparison  of  intensive  site  and  supplementary 
image  results  (Ratios  are  snow  coverimelt  feature) 


Day 

Intensive 

Ratio 

Supplementary 

Ratio 

Difference 

163 

25:75 

28.8:71.2 

3.8% 

167 

54.6:45.4 

53.7:46.3 

0.9% 

169 

46.4:53.6 

48.1:51.9 

1.7% 

A  second  objective  of  the  study  was  to  link  the  areas 
of  standing  water  in  late  spring  images  with  those  same  areas 
in  early  spring  before  the  appearance  of  melt  ponds.  The 
results  of  this  comparison  show  that  the  areas  of  ice  with  little 
or  no  snow  cover  during  the  winter  evolve  to  contain  water 
and  become  melt  features  during  the  spring.  Fig.  4  shows  the 
bare  ice  areas  of  Day  159  overlaid  on  the  image  from  Day 
167.  The  early  season  bare  ice  areas  (black)  are  in  the  same 
locations  as  late  season  melt  ponds  (gray)  which  are 
surrounded  by  late  season  residual  snow  cover  (white).  While 
the  areas  do  not  match  exactly,  the  relationship  is  clear 
enough  that  future  areas  of  standing  water  can  be  extrapolated 
from  early  season  images. 

DISCUSSION 

The  time  series  of  imagery  used  in  this  study  has  shown  a 
strong  linear  trend  in  the  proportion  of  sea  ice  surface  area 
covered  by  melt  features  as  the  spring  melt  progresses.  In  a 
relatively  short  period  often  days  a  100%  snow  covered  sea 
ice  surface  with  a  consistently  high  albedo  was  transformed  to 
over  50%  standing  water  and,  therefore,  a  spatially  erratic 
surface  albedo.  This  rapid  change  clearly  has  ramifications  in 
regards  to  energy  absorption  and  reflection  at  the 
ice/snow/water  surface  and  for  the  acquisition  of  sea  ice 
information  by  remote  sensing  during  the  melt  season. 

Further  study  of  the  temporal  rate  of  melt  pond 
coverage  is  important  as  thermodynamic  sea  ice  modeling 
efforts  have  shown  sensitivity  to  parameters  associated  with 
melt  feature  area  and  depth  [6],  [7].  Additionally,  local  scale 
spatial  fluctuations  in  melt  pond  coverage  and  corresponding 
albedo,  as  discussed  in  this  work,  influence  the  derivation  cf 
regional  scale  albedo  values  used  in  sea  ice  models. 

After  this  initial  stage  of  research  several  outstanding 
issues  remain.  Of  a  technical  nature,  which  type  of  imagery  is 
most  effective:  panchromatic  or  photographic  infrared? 


Figure  4.  Overlay  of  Day  159  bare  ice  (black)  on  Day  160 
melt  feature  (gray)  and  snow  cover  (white)  image. 


What  influence  do  lighting  conditions  have  on  image  quality 
and  accuracy?  For  example,  are  photos  collected  under  difiiise 
lighting  conditions  more  effective  than  those  collected  under 
an  unobscured  solar  disk? 

It  would  also  be  of  interest  to  note  what  other  surfece 
variables  change  in  accordance  with  the  growth  of  melt 
features.  For  example,  parameters  such  as  ice  temperature, 
snow  pack  temperature  and  net  all-wave  radiation  show  a 
similar  linear  trend  to  our  rate  of  melt  feature  growth  during 
this  study  period. 

The  variable  nature  of  Arctic  sea  ice  is  clearly 
represented  through  the  rapid  evolution  and  growth  of  melt 
features.  The  drastic  changes  in  surface  parameters  such  as 
albedo  that  are  caused  by  the  growth  and  spatial  discontinuity 
of  melt  features  makes  the  examination  of  that  growth  rate  an 
important  procedure. 
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Abstract  —  A  method  to  incorporate  passive  microwave 
remote  sensing  measurements  in  a  spatially  distributed  snow 
hydrology  model  is  investigated.  The  difference  in  scale  is 
tackled  using  an  electromagnetic  scattering  model  and 
parameter  estimation  techniques.  An  important  aspect  is 
accounting  for  the  lack  of  homogeneity  within  the  area  of  the 
sensor  footprint. 

INTRODUCTION 

Snowpack  properties  exhibit  high  spatial  variability  in 
mountainous  regions.  This  is  particularly  true  of  snow  water 
equivalent  (SWE),  which  is  an  important  variable  in 
hydrology  and  water  resources  engineering.  However,  point 
measurements  of  snow  properties,  such  as  the  SNOTEL 
(SNOwpack  TELemetry)  measurements  of  SWE,  are  sparsely 
distributed  and  not  representative  of  the  parameter  spatial 
variability.  This  makes  it  difficult  to  incorporate  these 
measurements  into  basin-scale  spatially  distributed  snow 
models. 

Passive  microwave  remote  sensing  holds  potential  for 
overcoming  this  deficiency  through  spatial  measurements  of 
snowpack  properties.  Through  microwave  dependencies  on 
snow  properties  such  as  grain  size,  temperature,  depth,  and 
density,  passive  microwave  remote  sensing  measurements 
may  be  able  to  provide  the  required  spatial  distribution  of 
snowpack  parameters.  However,  with  the  exception  of  [1] 
little  has  been  done  in  fully  exploiting  this  information  in 
combination  with  a  snow  hydrology  model.  One  of  the 
difficulties  in  implementing  this  is  the  solution  of  the  many- 
to-one  inverse  problem  from  brightness  temperatures  to  snow 
parameters.  Another  problem  is  the  differences  in  spatial 
resolution  between  a  hydrology  model  (1  km)  and  the 
footprint  resolution  of  the  microwave  measurements  (25  km). 

To  tackle  these  problems  we  combine  a  spatially 
distributed  snow  model  with  remote  sensing  measurements 
and  parameter  estimation  techniques  to  estimate  the  time 
evolution  of  snow  parameters  in  a  mountain  environment. 

BASIN  AND  DATA  CHARACTERISTICS 

The  basin  chosen  for  the  investigation  of  the  technique  is 
the  upper  portion  of  the  Rio  Grande  River  in  the  mountains 
of  Colorado.  The  basin  is  defined  by  the  streamgauge  at  Del 
Norte,  Colorado  and  has  an  area  of  3419  km^  with  an 
elevation  range  of  2432^215  m.  This  basin  has  been  used 
in  previous  snow-remote  sensing  studies  [1].  The  basin 
topographical  characteristics  are  determined  from  30  arc- 


second  digital  elevation  model  (DEM)  output.  The  basin 
topography  from  the  DEM  is  shown  in  Fig.  1. 

Defense  Mapping  Satellite  Program  (DMSP)  Special 
Sensor  Microwave  Imager  (SSM/I)  brightness  temperatures 
for  1992-1993  are  obtained  from  the  Distributed  Active 
Archive  Center  (DAAC)  at  the  Marshall  Space  Flight  Center. 
The  SSM/I  measures  microwave  emission  for  four  frequencies 
with  dual-polarization.  We  selected  the  19  and  37  GHz 
frequencies,  using  both  polarizations.  Each  day  that  contains 
nighttime  measurements  over  the  basin  is  determined.  Daily 
SWE  values  for  selected  points  in  the  basin  were  obtained 
from  the  SNOTEL  measurement  network.  These  are  used  to 
assist  in  refining  the  estimation  procedure. 

METHODOLOGY 

The  method  we  investigate  uses  snowpack  parameter 
outputs  from  a  spatially  distributed  snow  hydrology  model  as 
input  to  a  microwave  scattering  model.  Estimated  brightness 
temperatures  at  1  km  resolution  are  aggregated  and  compared 
with  the  remotely  sensed  25  km  measurements.  The 
difference  is  disaggregated  and  used  to  adjust  the  1  km 
brightness  temperatures  which  are  then  inverted  to  give 
updated  snowpack  parameter  values  that  are  returned  to  the 
snow  hydrology  model. 
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Figure  1  Topography  of  the  upper  Rio  Grande  River  basin. 
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The  snow  model  contains  three  components:  accumulation, 
surface  energy  balance,  and  metamorphism.  The 
accumulation  is  based  on  point  precipitation  with  air 
temperature  records  to  determine  the  snow/no-snow  boundary 
for  the  time  step.  It  is  calibrated  using  annual  streamflow 
volume  from  the  basin  and  checked  with  the  SNOTEL  SWE 
values.  The  snow  surface  energy  balance  is  based  on  the 
point  model  of  [2],  which  is  generalized  to  a  spatial  model, 
incorporating  the  topography  of  the  basin  through  the  DEM. 
It  is  driven  using  elevation  adjusted  point  meteorological 
measurements.  The  snow  metamorphism  algorithm,  which 
describes  the  evolution  of  snowpack  properties  such  as  snow 
grain  size  and  density  is  taken  from  the  SNTHERM  model  of 
[3],  but  simplified  to  operate  for  a  one-layer  snowpack.  The 
snowpack  parameter  estimates  obtained  from  the  model  are 
grain  size,  depth,  density,  and  snow  temperature. 

The  electromagnetic  scattering  model  used  to  simulate  the 
microwave  interaction  with  the  snowpack  is  the  dense 
medium  radiative  transfer  (DMRT)  model  [4,5].  Unlike 
traditional  radiative  transfer  models,  this  model  takes  into 
account  the  collective  effects  of  snow  grain  scattering.  This 
is  important  in  dense  materials  such  as  snow.  The  model 
incorporates  a  particle  size  distribution  using  a  modified 
gamma  distribution,  accounting  for  the  different  particle  sizes 
in  the  pack.  A  neural  network  representation  of  the  DMRT  is 
employed  similar  to  that  of  [6]  and  [7]. 

At  the  end  of  each  day  for  which  there  is  basin  coverage 
from  the  sensor,  the  neural  network  forward  approximation  to 
the  DMRT  is  used  to  estimate  the  four  microwave  brightness 
temperatures  from  the  four  snowpack  parameters  at  pixel 
resolution  (1  km).  The  pixel  brightness  temperatures  are  then 
averaged  to  the  footprint  scale  (25  km)  for  each  measurement. 
The  difference  between  the  pixel  integrated  brightness 
temperatures  and  SSM/I  measured  brightness  temperatures  is 
distributed  back  to  the  pixels  and  a  least  mean  square  error 
scheme  is  used  to  update  the  snow  parameters  for  each  pixel 
using  a  neural  network  inversion  of  the  DMRT.  The  snow 
hydrology  model  then  continues  forward  with  the  updated 
parameters  until  the  next  SSM/I  observation. 

RESULTS 

The  critical  point  in  the  previously  described  procedure  is 
in  going  from  the  1  km  scale  to  the  25  km  scale  and  then 
back  to  the  1  km  scale.  The  remote  sensing  measurements 
cover  approximately  a  25  km  area  and  thus  represent  a  spatial 
average  of  snow  properties  that  may  be  quite  heterogeneous. 
Depending  on  the  location  of  the  pixel  with  respect  to  the 
center  of  the  footprint,  the  pixel-to-footprint  measurement 
relationship  can  vary  from  day-to-day. 

To  examine  the  possible  fluctuations  in  remote  sensing 
measurements  due  to  footprint  position,  we  compared 
SNOTEL  sites  with  brightness  temperatures  assigned  to  a 
pixel  based  on  the  degree  of  footprint  coverage.  Fig.  2a 
shows  brightness  temperatures  for  a  coverage  area  with  radius 
of  12.5  km,  the  actual  footprint  size.  Fig.  2b  shows  the 
brightness  temperatures  using  a  coverage  area  radius  of  5.0 
km  from  the  footprint  center.  As  the  pixel  of  interest 


becomes  nearer  to  the  center  of  the  footprint,  it  should  be 
more  closely  related  to  the  footprint  measurement.  From  the 
figures  we  see  that  the  amount  of  fluctuation  is  reduced  as  the 
distance  from  pixel  to  footprint  center  is  reduced,  showing 
more  clearly  the  expected  trend  of  decreasing  brightness 
temperatures  with  increasing  snow  depth. 

The  previously  described  updating  methodology  is  applied 
to  this  site  using  a  coverage  radius  of  5,0  km.  In  the  time 
interval  from  day  88-104,  four  remote  sensing  measurements 
met  this  criterion.  The  snow  hydrology  model  is  run 
independently  using  only  the  meteorological  forcings  to  drive 
it.  It  is  then  run  again  incorporating  the  updating 
information  derived  from  the  remote  sensing  measurements. 
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Figure  2a  Brightness  temperature  and  station  SWE  as  a 
function  of  time  for  coverage  radius  of  12.5  km. 
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Figure  2b  Brightness  temperature  and  station  SWE  as  a 
function  of  time  for  coverage  radius  of  5.0  km. 


Fig.  4  shows  the  SWE  values  at  this  pixel  for  measured, 
modeled,  and  modeled  with  updating  cases.  The  two  model 
cases  follow  each  other  until  Day  90,  the  first  updated  day. 
The  output  from  the  end  of  Day  90  is  adjusted  using  the 
brightness  temperature  measurements  taken  that  night.  The 
updated  values  are  used  as  the  initial  values  for  the  start  of  the 
Day  91  simulation.  In  between  updatings,  both  modeling 
schemes  parallel  each  other,  relying  solely  on  the 
meteorological  data  to  determine  the  SWE.  The  updating 
technique  provides  more  information  to  the  model  and  is  able 
to  improve  upon  the  SWE  estimate  that  would  be  obtained 
from  the  hydrology  model  without  remote  sensing  input. 
This  method  was  applied  to  all  pixels  within  the  basin  and  a 
spatial  image  of  SWE  at  the  end  of  the  updating  run  (Day 
104)  is  shown  in  Fig.  5. 

CONCLUSION 

The  presented  methodology  for  updating  a  spatially 
distributed  snow  model  using  remote  sensing  appears 
promising.  The  methodology  is  able  to  handle  the  scale 
differences  between  the  two  levels  of  snow  parameter 
estimation.  The  most  critical  step  in  the  methodology  is 
determining  the  appropriate  updating  plan  for  the  pixel,  which 
is  under  continuing  investigation 
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Figure  4  Comparison  between  the  different  estimation 
techniques  with  measured  SWE  at  a  SNOTEL  site. 
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Figure  5  Spatial  distribution  of  SWE  (in  cm)  on  Day  104  for 
the  upper  Rio  Grande  River  basin  from  the  snow  hydrology 
model  with  remote  sensing  updates. 
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Abstract  -  The  brightness  temperatures  (Tb’s)  observed  by  the 
Special  Sensor  Microwave/Imager  (SSM/I)  radiometer  are 
sensitive  to  the  changes  in  land  surface  snow  conditions. 
Previously  developed  SSM/I  snow  classification  algorithms 
have  limitations  and  do  not  work  properly  for  terrain  where 
forests  overlay  snow  cover.  In  this  study,  we  applied 
unsupervised  cluster  analysis  to  define  6  snow  classes  in  Tb 
observations,  assessing  both  sparse-  and  medium-vegetated 
region  classes.  Typical  SSM/I  Tb  signature,  in  terms  of  cluster 
means,  of  each  snow  class  was  determined  by  calculating  the 
mean  Tb's  of  the  corresponding  cluster.  A  single-hidden-layer 
backpropagation  (backprop)  artificial  neural  network  (ANN) 
classifier  was  designed  to  learn  the  6  Tb  patterns.  Classification 
performance,  in  terms  of  error  rate  (%),  was  as  small  as  2.4%. 
This  study  confirms  the  potential  of  using  cluster  means  in  ANN 
supervised  learning,  and  suggests  a  nonlinear  retrieval  method 
towards  making  the  inferences  of  snow  classes  from  SSM/I  data 
over  varied  terrain  operational.  Improvement  is  expected  by 
identifying  more  SSM/I  Tb  signatures  of  different  land  surface 
types  to  train  the  ANN  classifier. 

INTRODUCTION 

The  Special  Sensor  Microwave/Imager  (SSM/I)  radiometer 
[1],  flown  on  the  Defense  Meteorological  Satellite  Program 
(DMSP)  satellites,  is  a  useful  tool  for  monitoring  snow  covered 
land  surface,  because  its  brightness  temperature  (Tb) 
observations  are  sensitive  to  the  changes  in  snow  physical  and 
dielectric  properties.  The  SSM/I  is  a  seven-channel,  four- 
frequency,  linearly  polarized,  passive  microwave  radiometric 
system.  It  measures  both  vertically  (V)  and  horizontally  (H) 
linearly  polarized  Tb's,  at  19.35,  37.0,  and  85.5  GHz  and  only 
vertical  polarization  at  22.235  GHz. 

To  date,  SSM/I  snow  classification  algorithms  (e.g.,  [2],  [3]) 
have  been  developed  using  regression  approaches  with  Tb 
observations  over  sparse-vegetated  terrain.  Vegetation  will 
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mask  the  microwave  emission  from  the  snow  below,  resulting 
a  higher  Tb  observations  [4].  Thus,  algorithms  developed  for 
sparse-vegetated  region  have  limitations  and  do  not  work 
properly  for  terrain  where  forests  overlay  snow  cover. 

Consequently,  there  exists  a  need  of  a  robust  snow 
classification  algorithm  by  which  different  snow  conditions  over 
varied  terrain  can  be  determined  simultaneously.  Study  in  [5] 
has  shown  that  artificial  neural  networks  (ANNs)  have  the 
potential  to  learn  Tb  patterns.  According  to  [6],  unsupervised 
cluster  analysis  m^y  provide  typical  Tb  signatures  for  the 
various  snow  types  by  the  average  of  all  the  data  in  each  class. 
Following  [7],  an  ANN  trained  from  cluster  means  has  shown 
a  reliable  generalization  capability  in  pattern  classification. 

A  possible  research  framework  would  be  to  determine  the 
typical  SSM/I  Tb  signatures  of  desired  snow  classes  from  an 
unsupervised  cluster  analysis,  and  use  them  as  a  prelude  to  train 
an  ANN  classifier.  The  purpose  of  this  study  is  to  explore  the 
above  concept  towards  making  the  inference  of  snow  classes 
from  SSM/I  data  over  varied  terrain  operational. 

METHODS 

A  study  area  bounded  by  latitude  of  40 °N  to  45  °N  and 
longitude  of  100° W  and  1 15°W,  which  contained  both  plains 
and  mountainous  region  in  the  western  United  States,  was 
selected.  SSM/I  Tb's  from  the  DMSP-F8  satellite  and  ground- 
based  snow  data  from  the  SCS  SNOTEL  [8]  and  NOAA 
weather  stations  in  Oct.  1,  1989  to  May.  30,  1990,  were 
obtained.  Due  to  the  increase  in  noise  level  of  both  SSM/I  85.5 
GHz  channels  on  DMSP-F8  satellite,  only  5  Tb's  of  the  lower 
frequency  channels,  denoted  as  T19V,  T19H,  T22V,  T37V,  and 
T37H,  were  used  in  this  study.  SSM/I  data  at  each  footprint 
were  integrated  with  ground-based  snow  measurements,  using 
a  neighborhood  merging  method  [5],  Only  data  of  snow-covered 
footprints  were  considered  as  the  valid  data  elements  in  the 
database. 
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The  average  linkage  clustering  method  [9]  was  used  to 
explore  the  possible  clusters  with  respect  to  the  5  SSM/I  Tb 
variables.  A  hypothetical  true  snow  condition  was  then  assigned 
to  each  cluster  according  to  its  typical  Tb's  signature  (cluster 
means)  in  relation  to  the  emission  behavior  of  various  snow 
conditions.  Only  data  of  the  6  mostly  representative  clusters 
(i.e.,  dry  snow  with  sparse  (DsSv)  or  medium  (DsMv) 
vegetation,  wet  snow  with  sparse  (WsSv)  or  medium  (WsMv) 
vegetation,  and  refrozen  snow  with  sparse  (RsSv)  or  medium 
(RsMv)  vegetation)  were  selected  for  ANN  supervised  training. 

A  single-hidden-layer  ANN  was  created.  It  consisted  of  one 
input  layer  of  5  nodes  representing  the  inputs  of  SSM/I  Tb's,  one 
output  layer  of  6  nodes  representing  the  6  snow  conditions,  and 
a  hidden  layer  of  nodes  set  up  at  5,  10, 20,  and  30,  respectively. 
The  error  backpropagation  (backprop)  algorithm  [10]  was 
applied  to  train  the  ANN.  The  root-mean-squared  (RMS)  error, 
computed  after  each  training  epoch,  was  used  as  the  stopping 
criterion.  Training  epoch  repeated  until  a  specified  RMS  error 
was  reached.  RMS  tolerance  was  set  between  0.1  and  0.3  by 
trial  and  error. 

After  training,  a  test  data  set,  sampled  from  each  snow 
cluster,  was  applied  to  evaluate  the  classification  performance 
of  the  resulting  ANNs.  Classification  result,  in  terms  of  error 
rate  (%),  was  calculated  for  each  ANN.  The  ANN  with  the 
minimum  error  rate  was  eligible  for  the  SSM/I  ANN  snow 
classifier.  A  two-way  contingency  table  was  used  to  summarize 
the  classification  performance  of  the  qualified  ANN  on  test  data. 

RESULTS  AND  DISCUSSION 

Fig.  1  displays  the  cluster  means  of  the  6  snow  classes. 
Evidently,  for  each  dry,  wet,  and  refrozen  snow  class,  SSM/I 
Tb’s  of  medium-vegetated  were  higher  than  those  of  sparse- 
vegetated.  Depolarization  effects  by  the  overlaying  vegetation 
were  also  distinct  between  sparse-  and  medium-vegetated  snow 
conditions.  A  higher  Tb  at  T37H  rather  than  at  T19H  found  in 
WsSv  snow  condition  could  be  the  evidence  of  a  rapid  increase 
in  Tb  at  37.0  GHz  horizontal  polarization  with  an  increase  in 
liquid  water  content  in  snowpack  [11].  For  refrozen  snow, 
because  the  melting  and  refreezing  resulted  in  larger  snow 
crystals,  more  scattering  and  consequently  much  lower  Tb's 
were  observed  at  37.0  GHz  than  at  19.35  GHz.  As  noted  above, 
these  interpretations  provide  the  theoretical  basis  for  using  the 
6  SSM/I  Tb  signatures  as  the  appropriate  inputs  in  ANN 
supervised  training. 

Results  of  the  ANN  training  performance  (Table  1)  show  that 
the  smallest  error  rate  (2.4%)  was  reached  by  the  5-10-6  ANN 
at  RMS  tolerance  of  0.2.  There  was  no  evidence  to  indicate  that 
a  smaller  RMS  tolerance  may  ensure  a  better  ANN 
performance.  The  increases  in  error  rates  as  RMS  tolerances 
decreased  could  be  a  sign  of  overtraining  [12].  Regarding  the 
number  of  nodes  in  the  hidden  layer,  there  is  no  evidence  to 
show  that  the  more  nodes  in  the  hidden  layer  the  better  ANN 
performance.  The  best  ANN  was  only  resulted  from  a  number 
of  training  runs  by  trial  and  error. 


Fig.  1  Cluster  means  of  SSM/I  Tb  for  6  snow  conditions. 


Table  2  summarizes  the  classification  accuracy  of  the  best 
ANN  applied  to  the  test  data  in  relation  to  the  snow  classes 
defined  by  cluster  analysis.  Error  rates  were  3.8%  (2/52)  for 
DsSv,  2.9%  (3/102)  for  DsMv,  3.2%  (3/93)  for  WsSv,  0.0% 
(0/73)  for  WsMs,  0.0%  (0/19)  for  RsSv,  and  2.7%  (2/75)  for 
RsMv.  The  most  misclassified  Tb  patterns  were  found  in 
medium-vegetated  wet  snow  cluster,  i.e.,  6  of  the  79  SSM/I  Tb 
patterns  in  WsMv  cluster  were  classified  as  either  DsMv  or 
WsSv  conditions  by  the  ANN.  Such  misclassification  could  be 
due  to  the  depolarization  effect  caused  by  the  vegetation  which 
made  the  SSM/I  Tb  patterns  of  different  overlaid  snow  cover 
similar.  Overall,  the  results  indicate  that  the  ANN  may  be 
useful  in  classifying  snow  conditions  from  SSM/I  Tb 
observations  over  varied  terrain. 

CONCLUSIONS 

To  date,  no  single  existing  SSM/I  classification  algorithm  has 
been  able  to  identify  land  surface  snow  conditions  over  varied 
terrain.  This  study  confirms  the  potential  of  cluster  means  in 
ANN  supervised  learning,  and  suggests  a  nonlinear  retrieval 
method  that  overcomes  the  drawbacks  and  limitations  of  the 
existing  classification  methods  for  SSM/I  land  surface  snow 
classification. 

Since  the  ANN  was  trained  with  only  6  snow  classes, 
application  of  the  SSM/I  ANN  classifier  may  require  pre-  and/or 
post-treatment  procedures  to  distinguish  snow-free  or  other 
snow  conditions.  Improvement  is  expected  by  identifying  more 
SSM/I  Tb  signatures  of  different  land  surface  types  to  train  the 
ANN  classifier. 
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Table  I 

Training  Performances  of  the  ANNs  at  Different  RMS  Tolerance 


ANN 

RMS 

Training 

Error  Rate 

ANN 

RMS 

Training 

Error  Rate 

Topology 

Tolerance 

Epochs 

(%) 

Topology 

Tolerance 

Epochs 

(%) 

5-5-6 

0.215 

1743 

10.9 

5-20-6 

0.230 

1708 

8.7 

0.200 

2908 

3.9 

0.215 

2597 

5.6 

0.185 

7772 

4.6 

0.200 

2603 

6.0 

5-10-6 

0.300 

1159 

3.4 

5-30-6 

0.240 

1998 

10.1 

0.200 

5243 

2.4 

0.230 

2552 

7.2 

0.190 

4329 

4.1 

0.220 

2098 

16.9 

Table  2 

Classification  Performance  of  The  ANN  Classifier  on  Test  Data  Set 


Snow  Class 
by  ANN 

Snow  Class  by  Cluster  Analysis 

Total 

DsSv 

DsMv 

WsSv 

WsMv 

RsSv 

RsMv 

DsSv 

50 

1 

1 

0 

0 

0 

52 

DsMv 

0 

99 

0 

3 

0 

0 

102 

WsSv 

0 

0 

90 

3 

0 

0 

93 

WsMv 

0 

0 

0 

73 

0 

0 

73 

RsSv 

0 

0 

0 

0 

19 

0 

19 

RsMv 

1 

0 

0 

0 

1 

73 

75 

Total 

51 

100 

91 

79 

20 

73 

414 
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Abstract  —  The  areas  covered  by  snow  and  glacial  ice  are 
important  parameters  in  climatological  and  hydrological 
investigations,  particularly  in  alpine  regions.  The  most 
common  use  of  remote  sensing  in  snow  studies  is  to 
monitoring  snow-covered  area  to  measure  the  change  as  an 
index  in  a  snowmelt  runoff  model.  Active  microwave  sensors 
can  discriminate  snow  and  glacier  from  other  surfaces  in  all 
weather  conditions.  The  radar  polarization  signature  of  an 
object  permits  a  more  accurate  description  of  the  object  of 
interest  than  single-polarization  measurements.  Our  study  aid 
to  examine  the  usage  of  multi-frequency  mulpolarization 
SAR  data  to  map  snow-  and  glacier-cover  in  Tienshan 
Mountain.  The  results  showed  that  C-band  VV/HH  images 
can  discriminate  between  wet-snow  and  snow-free  areas  with 
the  accuracy  of  83-87%  and  some  difficult  in  discriminating 
glacier  ice  from  snow  and  rock,  L-band  HH/VV  images  can 
separate  snow-cover  areas  from  other  targets  with  the 
accuracy  of  89-93%,  but  there  are  problem  to  discriminate 
between  rock  and  snow,  and  the  cross-polarization  SAR 
images  can  be  used  to  solve  this  problem.  So  the  multi¬ 
frequency  mulpolarization  SAR  data  are  fairly  good  use  to 
snow-cover  map  in  alpine  areas. 

L  INTRODUCTION 

For  climatological  and  hydrological  investigations,  the 
areas  covered  by  snow  and  glacial  ice  are  important 
parameters,  particularly  in  alpine  regions.  Snow  and  ice  also 
play  important  interactive  roles  in  the  regional  climates 
through  its  effect  of  increasing  surface  albedo.  Understanding 
of  processes  in  the  seasonal  snow  cover  is  also  important  for 
studies  detail  of  climate  dynamics  and  climate.  It  has  been 
suggested  that  this  information  might  make  snow-cover 
extent  a  useful  index  for  detecting  and  monitoring  such 
change. 

The  most  common  use  of  remote  sensing  in  snow  studies  is 
to  monitoring  snow-covered  area  to  measure  the  change  as  an 
index  in  a  snowmelt  runoff  model  and  prediction  of  local  or 
regional  climatic  change.  High  resolution  sensors  provide  a 
means  for  monitoring  the  variations  of  seasonal  snowpack 
parameters  in  alpine  basins.  Visible  and  near-infrared  sensors 
have  been  used  extensively  to  measure  these  quantities[l], 
but  are  hampered  by  cloud  cover,  which  can  be  pervasive  in 


some  regions.  In  particular,  snow  cover  must  be  measured  on 
a  timely  basis  to  be  useful  for  operational  hydrology,  and  the 
opportunities  for  obtaining  suitable  data  from  these  sensors 
can  be  infrequent.  Microwave  remote  sensing  is  a 
methodology  that  is  less  influenced  by  cloud  conditions, 
depending  on  frequency.  Active  microwave  sensors  have 
shown  sensitivity  to  snowpack  parameters,  such  as  snow 
density,  depth,  free  liquid  water  content,  ice  particle  size  and 
size  variation[2],  are  capable  of  discriminating  between  snow 
and  bare  ground,  and  have  a  spatial  resolution  compatible 
with  the  topographic  variation  in  alpine  regions[3].  The  radar 
polarization  signature  of  an  object  provides  a  more  accurate 
description  of  the  object  of  interest  than  single-polarization 
measurements. 

The  major  problem  we  are  facing  in  using  SAR  to  map  snow 
covered  areas  in  alpine  region  is  the  effects  of  topography 
and  selection  of  different  bands  and  polarization  state.  In  this 
paper,  we  will  discuss  (1)  the  techniques  to  derive 
coefficients  of  mulpolarization  SAR  data  from  the 
measured  stokes  matrix,  (2)  the  topographic  effects  and  the 
method  of  correction,  (3)  classification  of  snow-  and  glacier- 
covered  areas  using  multi-  frequency  mulpolarization  data,  (4) 
measurement  accuracy  of  the  SAR  compared  with  the  TM 
image. 

IL  DATA  AND  CAICULATION  OF  BACKSCATTERING 
COEFFICIENT 

We  map  snow  and  glacier  ice  with  data  at  the  eastern  of 
Tienshan  Mountain  (43°  3.5'N,  87°  10.7'E)  of  China  in  this 
study.  Altitudes  in  the  site  rang  from  3300  to  5445  m.  The 
peak  of  the  mountain  are  covered  by  glaciers  and  there  are  a 
lot  of  irrigation  files  depend  on  snowmelt  runoff  under  this 
mountain.  Our  study  aid  to  examine  the  usage  of  multi¬ 
frequency  mulpolarization  SAR  data  to  map  snow-  and 
glacier-cover  at  this  area.  The  multi-frequency(C,  L  Bands) 
mulpolarization(HH,  VV,  HV  and  VH)  SAR  data,  from 
Space  borne  Imaging  Radar-C  and  X-  Synthetic  Aperture 
Radar  (SIR-C/X-SAR)  on  Apr.  16,  1994,  as  part  of  NASA’s 
Mission  to  Planet  Earth,  was  analyzed.  The  flight  altitude 
is  225km,  image  range  is  az48.2km  x  rg8.9km  and 
incidence  angle  at  image  center  is  21°54’.  The  data  were 
processed  at  JPL  and  made  available  in  a  single-look 
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Fig.l  C-band  HH  polarization  SAR  image  of  the  study  site 


complex-data  format  with  6.2  m  azimuth  resolution  and  21.4 
m  slang-rangeresolution.  Figure  1  shows  a  C-band  image  of 
the  study  site  with  HH  polarization  in  a  slant-range 
presentation. 

Both  theory  and  field  measurements  of  microwave  signals 
from  snowpacks  and  glacier  show  that  these  have  different 
characters  of  the  backscattering  coefficient  from  other  targets. 
We  rely  mainly  on  the  backscattering  coefficient  in  order  to 
distinguish  snow  and  glacier  covered  area  from  other  targets, 
such  as  bare  ground  or  vegetation  areas.  SIR-C/X-SAR 
provided  multi-frequency  mulpolarization  SAR  data  in 
form  of  nine  independent  real  elements  of  the  Stokes’  matrix, 
which  describes  how  the  scattering  mechanisms  in  each  pixel 
transform  the  illuminating  electromagnetic  wave  back  to  the 
receiving  antenna[4].  The  polarization  feature  derived  from 
the  Stokes'  matrix,  is  the  radar  cross  section  as  a  function  of 
the  antenna  polarization  state  and  is  useful  in  interpreting  the 
scattering  mechanisms  within  a  resolution  cell.  The 
backscattering  coefficient  of  different  polarization  states  were 
calculated  from  the  Stokes'  matrix  according  to  the  theory  of 
radar  polarimetry[5]. 

III.  TOPOGRAPHIC  EFFECTS  AND  CORRECTION 

The  radar  cross  section  depends  on  polarization,  frequency, 
viewing  geometry,  illuminated  area,  and  the  dielectric 
properties  and  geometric  sti*ucture  of  the  targets.  The  study  [6] 
indicates  that  the  topographic  effects  on  radiometric 
properties  measured  from  spacebome  SAR  can  be  explained 
by  variation  in  imaged  pixel  area  and  in  local  incidence  angle. 
For  this  regions,  we  mainly  consider  two  factors  caused 
topographic  effects  on  radar  images:  (1)  variations  in  imaged 
ground  range  pixel  area  (2)  local  incidence  angle,  are  more 
serious  at  near  range  than  at  far  range.  When  good 


topographic  data  are  available,  the  effect  can  be  corrected. 

Using  topographic  (DEM)  information  of  the  study  area  , 
we  radiometrically  calibrated  the  SAR  images  (in  slant-range 
presentation)  and  geocoded  SAR  images  (in  ground-range 
presentation).  Because  the  backscattering  signals  depend  on 
the  local  incidence  angle,  the  absolute  power  of  the  signal  is 
unlikely  to  be  reliable  for  discrimination  unless  the  local 
incidence  angle  is  included  in  the  classification  procedure,  or 
unless  time  series  of  images  are  available.  In  order  to  reduce 
the  angular  dependence  of  backscattering  coefficients,  we 
used  the  normalized  backscattering  coefficient. 


Normalization  Backscattering  Coefficient 

Generally,  we  consider  the  backscattering  coefficient  as  a 
product  of 

a°(e,)  =  a>/(e,)  (1) 

0  °  is  the  normalized  backscattering  coefficient  related  to  the 
target  backscattering  properties,  and  /{Q,)  represents  the 
angular  dependence  of  backscattering  coefficients  of  the 
given  target,  depending  on  the  dominant  scattering 
mechanism.  Therefore,  the  angular  dependence  of 
backscattering  coefficients  can  be  reduced  if  we  normalize 
the  measured  backscattering  coefficients  by  the  function 
/(0 .  We  need  to  find  0 ,  for  each  pixel  from  the  map  of 
the  local  incidence  angles. 

The  local  incidence  angle  0 ,  can  be  calculated  from[7] : 
Cos(0,.)  =  Cos(S)xCos(0o) 

+  Sin(S)  X  Sin(0o)x  Cos(T-A)  (2) 

S  and  A  are  the  slope  and  aspect  of  pixel,  can  be  known  from 
DEM.  T  is  flight  direction,  and  0  g  is  radar  incidence  angles. 

According  the  study  [6],  we  select  y^(0;)“  CoSq^  to 
normalize  the  VV  polarization  SAR  imagines,  and  f{Qi)  = 
CoSq'^  to  HV  polarization  SAR  imagines.  /(0 , )  =  Cos^ 

to  HH  polarization  SAR  imagines,  y^(0,)=  Co5g  to  VH 

polarization  SAR  imagines.  Target  discrimination  can  be 
significantly  improved  by  using  the  normalized  standard 
deviation  of  the  backscattering  coefficients. 


Correction  to  Ground  Range  Presentation 


Correction  from  slant  range  presentation  to  ground  range 
presentation  in  alpine  is  accounted  for  by: 


_  As  X  cos{S) 
^  sin(0  -S) 


(3) 
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Table  1.  Results  (%)  of  classification  of  multi-frequency 
mulpolarization. 


C-band 

L-band 

HH 

VV 

HV 

VH 

HH 

W 

HV 

VH 

87 

83 

81 

79 

89 

93 

80 

76 

slant  range  As  to  the  imaged  area.  Here  Ag  is  the  ground 
range,  S  is  the  local  slope,  and  0  is  local  incident  angle. 

IV.  CLASSIFICATION 

To  reduce  the  effect  of  image  speckle  and  to  improve  the 
classification  performance,  the  multi-  frequency 
mulpolarization  SAR  image  all  were  smoothed  with  a  5  *  5 
filter. 

We  defined  two  surface  types  to  be  classified  from  the 
radar  images:  snow  (include  glacier  ice),  and  other  surfaces, 
mainly  rock,  and  alpine  vegetation.  Both  TM  and  C,  L-band 
mulpolarization  SAR  images  were  classified  with  a 
supervised  Bayes  classification. 

Table  1  shows  the  all  classification  results  compared  with 
TM  data.  The  results  showed  that  C-band  VV/HH  images 
can  discriminate  between  snow  and  snow-free  areas  with  the 
accuracy  of  83-87%,  L-band  VV/HH  images  can  separate 
snow-cover  areas  from  other  targets  with  the  accuracy  of  89- 
93%,  but  there  are  problem  to  discriminate  between  rock  and 
snow.  We  find  that  the  cross-polarization  SAR  image  can  be 
used  to  solve  this  problem  during  the  classification. 

Comparing  with  TM  data,  the  result  of  the  classification 
shows  very  good  agreement  for  almost  all  snow  and  glacier 
regions  except  very  small  amount  of  rock  being  classified  as 
glacier  and  glacier  being  classified  as  rock.  So  we  firstly 
discriminated  glacier  ice  from  other  objects  using  HV/VH 
polarization  images. 

V.  CONCLUSIONS 

This  paper  reports  the  results  on  mapping  snow  and 
glaciers  in  Tienshan  Mountain  with  SIR-C  Mulpolarization 
SAR  and  the  topographic  information.  C-band  VV  and  HH 
polarization  have  similar  capabilities  for  snow  and  glacier 
mapping  at  the  same  viewing  geometry.  They  provide  good 
capability  to  map  wet  snow  and  ice-free  surfaces,  but  they 
poorly  separate  glacier  ice  from  snow  and  rock.  L-band  VV 
and  HH  polarization  SAR  can  distinguish  snow  or  glacier 
from  other  surfaces  but  cannot  discriminate  between  snow 
and  glacier  ice.  The  results  of  classification  of  cross¬ 
polarization  HV/VH  SAR  images  of  C,  L-bands  can  solve  the 
problem  in  distinguishing  glacier  ice  from  snow  and  rock.  So, 


the  multi-frequency  mulpolarization  SAR  data  are  fairly 
good  use  to  snow-cover  map  in  alpine  areas. 

Overall,  TM  is  better  than  SAR  for  mapping  glacier  ice  in 
alpine  regions,  because  the  backscattering  measurements 
from  SAR  have  much  greater  fluctuations  than  TM 
reflectance.  These  fluctuations  are  caused  by  greater 
sensitivity  to  the  surface  characteristics  of  the  glacier  ice, 
larger  effect  of  topography  and  viewing  geometry,  and 
random  signal  fading  (image  speckle)  caused  by  the  coherent 
property  of  SAR  sensors.  Therefore,  TM  images  may  be  used 
to  monitor  glacier  boundaries  when  timely  measurement  is 
not  needed.  However,  SAR  can  be  used  in  all  weather 
conditions  Timely  measurements  of  snow  extent  are 
required  by  hydrological  investigations.  This  results  can  be 
used  to  map  seasonally  snow-covered  area  and  monitor  the 
change  of  the  snow- line  on  glaciers,  when  ERS-1  (with  C- 
band  SAR)  and  JERS-1  (  with  L-band  SAR)  are  running  in 
the  sky. 
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Abstract  —  In  preparation  for  the  launch  of  the  Moderate 
Resolution  Imaging  Spectroradiometer  (MODIS)  on  the  first 
NASA  Earth  Observing  System  platform  in  1998,  an 
algorithm  to  generate  a  global  snow  cover  map  is  being 
developed.  Status  of  the  snow  mapping  algorithm  and 
description  of  the  data  product  is  describe  in  this  p^r. 


INTRODUCTION 

Monitoring  the  spatial  and  temporal  extent  of  seasonal 
snow  cover  at  synoptic,  regional  and  local  scales  is  important 
to  the  research,  modelling  and  operational  monitoring 
communities  concerned  with  snow  cover  [1].  A  snow 
algorithm  and  data  product  are  being  developed  for  the  future 
Moderate  Resolution  Imaging  Spectroradiometer  (MODIS) 
instrument  to  be  flown  aboard  the  Earth  Observing  System 
(EOS),  a  part  of  NASA’s  Mission  to  Planet  Earth  (MTPE). 
Landsat  Thematic  Mapper  (TM)  and  MODIS  Airborne 
Simulator  Data  (MAS)  are  used  as  surrogates  for  MODIS  data 
during  development  of  the  algorithm. 


BACKGROUND 

The  objective  for  the  MODIS  snow  algorithm,  SNOMAP, 
is  to  generate  a  consistent,  well  described,  global  snow  cover 
data  product.  The  spatial  resolution  planned  for  the  snow 
cover  data  product  is  500  m  with  daily  and  ten  day  composites 
of  the  product  generated  and  archived. 

MODIS  is  an  imaging  radiometer  consisting  of  a  cross 
track  scan  mirror,  collection  optics  and  set  of  linear  detector 
arrays  with  spectral  interference  filters  in  four  focal  planes. 
MODIS  has  36  discrete  bands  between  0.4  and  15  |im  selected 
for  diagnostic  significance  in  Earth  science.  The  different 
spectral  bands  have  spatial  resolutions  of  250  m,  500  m  or  1 
km  at  nadir.  Complete  description  of  the  MODIS  instrument 
can  be  found  at  the  MODIS  homepage 
http://ltpwww.gsfc.nasa,gov/MODIS/MODIS.html.  Orbital 
characteristics  of  the  EOS  platform  will  allow  MODIS  to 
have  near  daily  repeat  coverage  over  much  of  the  globe  and  in 


the  mid  to  upper  latitudes  swath  overlap  will  provide  multiple 
daily  views  of  some  regions.  Those  multiple  views  open  the 
option  of  the  algorithm  to  select  and  analyze  the  “best” 
observation(s)  of  a  location  for  the  day. 

Processing  and  generation  of  MODIS  data  products  will  be 
done  at  several  levels.  The  levels  are  defined  by  temporal  and 
spatial  manipulations  done  on  the  data  to  arrive  at  a  product. 
Information  about  the  data  processing  system  and  these  data 
levels  can  be  found  at  the  Earth  Observation  System  and  Data 
Information  System  (EOSDIS)  home  page 
hltp://spsosun.gsfc.nasa.gov/ESDIShome.html.  The  lowest 
level  is  a  short  segment  of  an  orbital  swath,  while  the  next 
levels  involve  spatial  and  temporal  manipulations,  including 
gridding  of  data,  to  generate  products  covering  larger  spatial 
areas.  Within  the  MODIS  land  group  of  investigators  there  is 
a  gridding  and  tiling  scheme  to  assemble  MODIS  swaths  into 
geographically  referenced  and  gridded  tiles  for  common  use 
among  products. 

The  SNOMAP  algorithm  is  composed  of  three  algorithms 
for  product  generation  at  the  swath  level,  daily  composite,  and 
ten  day  composite.  Products  from  the  swath  flow  to  daily 
compositing,  which  flow  to  the  ten  day  composite.  Ten  day 
compositing  follows  the  compositing  scheme  laid  out  by  the 
Science  Working  Group  [EOS]  AM  Platform  (SWAMP). 
The  ten  day  compositing  periods  are  defined  as:  first  ten  days 
of  the  month,  days  11-21,  then  day  21  to  end  of  month. 

Other  MODIS  data  products  such  as  the  cloud  mask  and 
static  land/water  mask  are  being  integrated  into  SNOMAP  to 
mask  large  water  bodies  and  assist  with  discriminating  snow 
from  cloud.  For  information  on  other  MODIS  data  products 
and  the  Earth  Science  Data  Information  System  (ESDIS)  in 
general  begin  at 

http://spsosun.gsfc.nasa.gov/ESDIShome.html. 

The  snow  cover  products  are  generated  in  HDF  format 
composed  of  global  attributes  (metadata),  product  specific 
attributes  (metadata  and  quality  information)  and  the  snow 
cover  ‘map’  as  a  scientific  data  array. 
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TECHNIQUE 

The  SNOMAP  algorithm  at  the  swath  level  employs 
criteria  tests  and  decision  rules  with  universal  threshold 
values,  to  identify  snow  by  its  reflectance  features  in  the 
visible  and  near  infrared  wavelengths  (NIR).  Techniques  are 
briefly  described  here;  greater  discussion  is  presented  in  [2]. 
A  principle  key  to  identification  of  snow  is  the  Normalized 
Difference  Snow  Index  (NDSI).  The  NDSI  is  defined  as 
(visible  reflectance  -  NIR  reflectance)  /  (visible  reflectance  + 
NIR  reflectance)  or  for  TM  (band  2  -  band  5)  /  ^and  2  +  band 
5).  Snow  and  cloud  discrimination  is  also  achieved  with  the 
NDSI,  though  confusion  with  cirrus  (ice  clouds)  is  a 
problem.  Water  may  also  have  a  high  NDSI  and  thus  be 
confused  with  snow  but,  that  confusion  is  largely  eliminated 
by  use  of  far  red  threshold  test  which  discriminates  water  from 
snow  because  water  absorbs  whereas  snow  reflects  through 
the  red.  If  observation  results  lie  in  the  snow  decision  region 
of  the  decision  rule,  the  pixel  is  identified  as  snow  covered. 

TM  data  is  converted  to  radiance  then  reflectance  using 
methods  described  by  [3]  using  pre-flight  gains  and  offsets,  or 
by  using  recorded  gains  and  offsets  [4]  when  available,  prior 
to  applying  the  snow  decision  tests.  We  have  found  that  use 
of  observed  reflectances  increases  the  accuracy  of  snow  cover 
identification.  MODIS  data  input  will  be  at-sensor 
reflectances.  Work  is  in  progress  to  incorporate  atmospheric 
correction. 

In  addition  to  the  criteria  tests  and  decision  rules  for  snow, 
the  full-up  version  of  SNOMAP  will  contain  internal  checks 
for  data  integrity  that  will  affect  algorithm  flow  in  cases  of 
missing  or  out-of-range  data.  During  execution  of  the 
algorithm,  several  pieces  of  metadata  are  accumulated  to 
provide  summary  information  with  the  snow  cover  map  and 
serve  as  indicators  of  quality  assessment  (QA).  Metadata  such 
as  counts  of  out-of-range  data  and  total  snow  area  are 
generated  and  written  as  attributes  in  the  HDF  output  file.  A 
general  QA  flag  based  on  metadata  and  QA  criteria  rules  is 
also  written  as  an  attribute. 

SNOMAP  at  the  second  level  composites  the  results  of  the 
swath  outputs  from  overlapping  orbits  into  a  daily  snow 
cover  product.  An  intermediate  algorithm  assembles  all  the 
swaths  into  tiles  of  a  grid,  SNOMAP  then  employs  a  series 
of  criterion  tests  to  select  the  ‘best’  observation(s)  of  multiple 
observations.  If  there  are  multiple  ‘best’  observations,  the 
mode  of  the  SNOMAP  swath  level  result  is  used  as  the  result 
for  the  day. 

SNOMAP  at  the  third  level  composites  the  level  2  results 
for  a  ten  day  period.  The  technique  used  is  to  sum  the 
number  of  snow  observations  for  that  period  to  generate  a 
snow  cover  summation  product.  That  product  contains  the 
number  of  days  that  a  cell  was  snow  covered,  along  with 
summary  metadata  of  snow  cover. 


RESULTS  &  DISCUSSION 

Runs  have  been  undertaken  on  over  25  TM  scenes  to 
generate  snow  cover  maps.  Snow  cover  extent  identifi^  by 


SNOMAP  has  agreed  to  within  a  few  percent  of  snow  cover 
identified  with  intensive  classification  methods  (e.g. 
supervised  classification  and  spectral  mixture  modelling  [2]) 
on  several  TM  scenes.  Identified  snow  extent  has  also  agreed 
with  ground  observations  and  with  regional  snow  maps 
generated  by  the  National  Operational  Hydrologic  Remote 
Sensing  Center  (NOHRSC).  SNOMAP  continues  to  be 
validated  against  other  techniques  and  data  sources  of  snow 
cover. 

The  most  commonly  encountered  error  in  SNOMAP  is 
confusion  of  cirrus  clouds  with  snow.  No  consistent  trend 
has  been  observed  in  confusing  snow  with  cirrus  clouds.  In 
some  situations  cirrus  clouds  over  non-snow  covered  land 
may  be  identified  as  snow,  while  in  other  seemingly  similar 
situations  it  will  not;  cirrus  clouds  over  snow  are  also 
inconsistently  confused.  Means  of  sorting  out  this  confusion 
are  being  explored.  Much  of  the  confusion  may  be  alleviated 
with  the  integration  of  the  MODIS  cloud  mask,  developed  by 
another  MODIS  investigator  team,  which  has  the  capability 
of  identifying  cirrus  clouds. 

Solar  zenith  angle  (SZA)  has  been  observed  to  have  an 
effect  on  identification  of  snow.  A  study  is  in  progress  to 
determine  if  there  is  a  crucial  SZA  above  which  snow 
identification  becomes  erroneous.  This  appears  to  be  an  issue 
related  to  high  SZA.  If  a  crucial  SZA  is  determined,  then  a 
bound  on  acceptable  SZAs  will  be  incorporated  into 
SNOMAP. 

A  simulated  weekly  snow  composite  has  been  generated 
with  SNOMAP  from  a  pseudo  time  series  of  TM  data  to 
demonstrate  the  information  content  of  the  composited 
product.  SNOMAP  higher  level  products  have  been  generated 
with  simulated  MODIS  data.  Simulated  MODIS  data  are  used 
to  test  the  flow  of  SNOMAP  through  all  levels  of  product 
generation.  The  higher  level  products  exhibit  consistent 
snow  cover  extent  results  among  levels.  Lack  of  validation 
data  for  composites  precludes  significant  comment  to  be  made 
for  the  composited  snow  covers. 


SUMMARY 

Results  obtained  with  SNOMAP  and  review  of  products  and 
techniques  by  the  community  [1,2]  indicate  that  the  snow 
identification  technique  and  products  being  developed  will  be 
of  general  utility  to  sections  of  the  community.  Research  is 
continuing  to  improve  snow  identification  techniques, 
including  conditional  bounding  of  factors  such  as  SZA, 
defining  metadata  and  quality  indicators  for  the  SNOMAP 
products.  Concurrent  with  research  is  the  programming  task 
of  preparing  the  program  code  to  be  run  in  the  production 
environment  of  EOSDIS.  Expectations  are  that  MODIS  will 
be  launched  aboard  the  EOS  AM  platform  in  mid  1998,  and 
that  data  product  generation  will  begin  shortly  after  MODIS 
is  declared  operational. 
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ABSTRACT 

Radar  backscatter  over  the  great  ice  sheets  is 
modulated  by  the  near  surface  properties  of  polar  fim. 
These  properties  (grain  size,  density,  stratigraphy,  wetness) 
change  in  time  and  from  region  to  region.  Information  was 
compiled  on  the  spatial  variation  in  backscatter  across 
selected  parts  of  Antarctica  and  (jreenland  from  ERS-1  SAR 
data.  The  SAR-derived  a  °  compared  favorably  with  both  in 
situ  and  the  ERS-1  scatterometer  data  obtained  from 
literature.  These  results  will  be  used  to  refine  processing 
schemes  for  the  Radarsat  Antarctic  Mapping  Project. 

A  difference  plot  of  the  azimuthal  anisotropy  of 
SAR-derived  G  ""  was  created  to  determine  the  magnitude  of 
azimuthal  anisotropy  on  a  pixel  by  pixel  basis.  Azimuthal 
variability  for  a  region  of  the  Antarctic  Peninsula  was  found 
to  vary  from  0  to  14dB. 

INTRODUCnON 

Radar  backscatter  over  the  great  ice  sheets  is  related 
to  the  near  surface  properties  of  polar  fim.  These  properties 
(grain  size,  density,  stratigraphy,  wetness)  change  in  time 
and  from  region  to  region. 

Histograms  of  SAR-derived  G  "  (Fig.  1,  2)  across 
selected  parts  of  Antarctica  and  Greenland  (Fig.  3,  4)  were 
created  to  determine  the  backscatter  distribution  for  ESA 
ERS-1  SAR  PRI  (European  Space  Agency  European  Remote 
Sensing  Synthetic  Aperture  Radar  Precision  Image)  images. 
A  difference  plot  (Fig.  5)  was  seated  from  overlapping 
ascending  and  descmding  orbits  of  SAR-derived  G  “  over 
the  Antarctica  Peninsula  area. 

PROCEDURE 

Histograms: 

Geographic  locations  (Fig  3.  4)  w^  obtained  from 
the  GDMS  home  page  [1].  Histograms  (Fig.  1,  2)  of  the 
SAR-derived  G  ®  were  areated  from  the  12.5m  resolution 
PRI  data  and  binned  at  0.5dB  intervals  [3].  All  images  are 

representative  of  the  winter  season. 
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INTERIOR  ICESHEET 


SAR-DERIVED  BACKSCATTER 
COEFFICIENT  (dB) 

Fig.  1.  Histogram  of  CT  °  for  the  interior  ice  sheet  of  Antarctica 
(a),  (b)  and  Greenland  (g).  Letters  correspond  to  geographic 
locations  on  Fig.  3, 4. 


PERCOLATION  ;20NE 


COEFFICIENT  (dB) 

Fig.  2.  Histogram  of  CJ  ®  for  the  percolation  zone  of  Antarctica 


(c),  (d)  and  Greenland  (f).  Letters  correspond  to  geographic 
locations  on  Fig.  3, 4. 


^  Sponsored  by  NASA  Office  of  Polar  Programs 
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GEOGRAPHIC  LOCATION:  PENINSULA  AREA 


Fig  3.  Geographic  location  of  images  where  (a)  (b)  correspond  to 
interior  ice  sheet  on  Fig.  1  and  (c)  (d)  to  percolation  zone  on  Fig.  2. 


GEOGRAGHIC  LOCATION:  GREENLAND 


Fig.  4.  Geographic  location  of  images  where  (g)  corresponds  to 
interior  ice  sheet  on  Fig.l  and  (f)  to  percolation  zone  on  Fig.  2. 


from  overlapping  ascending  and  descending  orbits  depicting 
azimuthal  anisotropy  variations  (Antarctica). 


difference  plot. 

Azimuthal  Anisotropy: 

A  difference  plot  of  the  a  ”  from  overlapping 
ascending  and  descending  orbits  over  the  Antarctic 
Peninsula  is  created  from  12.5m  resolution  PRI  data  and 
binned  at  2dB  intervals  (Fig.  5).  The  azimuthal  separation 
between  the  ascending  and  descending  orbit  is  93.75".  The 
images  are  geocoded  and  rectified  (Hg.  6).  To  reduce 
inherent  speckle  a  9x9-pixel  mean-filter  is  applied  to  the 
resultant  image.  The  difference  plot  is  created  by  level 
sliring  using  a  2dB  intervals  to  determine  the  magnitude  of 
azimuthal  anisotropy  on  a  pixel  by  pixel  basis. 

DISCUSSION 

Histograms: 

Interior  Ice  Sheet:  SAR-derived  Q  "  for  Antarctica 
have  an  approximate  mean  of  -7dB  and  -16dB,  where  SAR- 
derived  a  "  fra:  the  Greenland  interior  ice  sheet  correspond 
to  an  approximate  mean  of  -lOdB.  These  low  values  of  a  " 
occur  over  the  interior  ice  sheet  where  volume  scattering 
from  individual  snow  grains  dominates. 

Rack  [4]  reports  a  range  of  Q  "  calculated  from  the 
ERS-1  scatterometer  data  over  Antarctica  (incidence  angle 
30")  of  -5dB  to  -13dB  during  the  austral  winter.  In  1992, 
Jezek  and  others  [2]  performed  surface-based  microwave 
radar  measurements  at  5.3  GHz  with  W  polarization  on  the 
western  flank  of  the  Cireenland  Ice  Sheet.  At  incidence 
angle  of  25"  the  glacier  surface  has  a  a  "  of  -12dB.  The 
variation  between  W  and  HH  polarization  at  low  incidence 
angles  is  negligible  [6]. 
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Percolation  Zone:  Mean  cr  ®  for  Antarctica  are 
about  “3dB  and  -6dB.  Mean  a  ®  for  Greenland  are  about 
-4dB.  These  higher  values  of  a  °  are  caused  by  extensive 
near  surface  ice  lenses  formed  during  summer  melt  events. 

Rack  [4]  report  ERS-1  scatterometer  measurements 
(rf  a  °  that  range  from  -4dB  to  -7dB  during  the  Antarctic 
austral  winter.  Jezek  and  others  [2]  report  a  total  surface 
a  °  from  the  western  flank  of  the  Greenland  Ice  Sheet  of  - 
2dB. 


Table  I.  Summary  of  SAR-derived  O  °(dB)  and  data  obtained 
from  literature.  AP=Antarctic  Peninsula,  GL=Greenland. 


INTERIOR 

PERCOLATION 

REFERENCE 

AP 

GL 

AP 

GL 

SAR-derived 

-16  and  -7 

-10 

-6  and  -3 

4 

Scatterometo*  [4] 

-13  to  -5 

- 

-7  to  -4 

- 

3iirface-based  [21 

- 

-.--12 

- 

. 

The  SAR-derived  a  °  compare  favorable  with  both 
the  in  situ  and  the  ERS-1  Scattterometer  data  obtained  from 
literature. 

Azimuthal  Anisotropy: 

A  difference  plot  of  SAR-derived  a  ®  from 
overlapping  ascending  and  descending  orbits  was  created  to 
determine  the  magnitude  of  azimuthal  anisotropy  on  a  pixel 
by  pixel  basis.  Fig.  6  is  one  of  the  images  used  to  create  the 
difference  plot.  It  shows  a  glacier  surrounded  by  rugged 
mountains  exposed  through  the  ice  sheet.  Surface  features  of 
high  relief  are  illuminated  on  the  side  facing  the  sensor 
while  the  side  away  from  the  sensor  will  be  in  shadow.  The 
areas  most  illuminated  by  one  direction  and  least  illuminated 
by  the  other  direction  will  have  a  range  of  relatively  high 
azimuthal  anisotropy.  Low  relief  areas  will  be  illuminated 
uniformly  from  both  directions,  giving  a  low  azimuthal 
anisotropy,  unless  there  is  a  change  in  the  physical 
dbaracteristics  of  the  surface. 

High  azimuthal  anisotropy  in  Fig.  5  correspond 
with  two  main  features  in  Fig.  6.  The  mountains  show  up 
as  isolated  areas  of  high  azimuthal  anisotropy  (>  8  dB) 


surrounded  by  relatively  low  azimuthal  anisotropy  (2-4dB). 
Examples  of  these  areas  are  clearly  evident  in  the  upper  right 
and  middle  far  left  of  Fig.  5.  Sections  of  the  glacier  also 
show  high  azimuthal  anisotropy  as  evident  in  the  lower  left 
and  lower  middle  of  Fig.  5.  Rott  and  Rack  [5]  report  high 
azimuthal  anisotropy  (5.75dB)  in  areas  of  strong  winds 
recorded  by  ^S-1  scatterometer  measurements.  Hence, 
drainage  wind  channeled  by  the  glacial  valley  may  explain 
our  results. 

CONCLUSION 

The  SAR-derived  backscatter  distributions, 
discussed  earlier,  compare  favorably  with  both  the  in  situ 
and  the  ERS-1  scatterometer  data  obtained  from  literature. 
Azimuthal  anisotropy  calculated  from  ascending  and 
descending  SAR-derived  a  °  ranges  from  0  to  14dB. 
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ABSTRACT 

The  geoscience  community  relies  heavily  on  the  use 
of  a  variety  of  data  sets  in  its  research  efforts.  Data  sets 
range  from  remotely  sensed  satellite  imagery  covering  large 
geographical  areas  to  locally  sampled  data  of  regional 
interest  Researchers  acquire  much  of  this  data  in  varying 
quantities  ranging  from  tens  to  tens  of  thousands  of  data  sets. 
Smaller  collections  of  data  sets  can  usually  be  handled 
manually  and  are  rarely  shared  amongst  research  groups. 
Larger  collections  of  data  sets  are  usually  handled  by  large 
scale  database  systems  such  as  the  EOS  Data  and 
Information  System  under  development  by  NASA  [1]. 
However,  this  still  leaves  a  large  number  of  researchers  with 
data  set  collections  somewhere  between  these  two  extremes. 
Often  times,  researchers  pursuing  the  same  ultimate 
objective  or  working  in  collaboration  with  colleagues  will 
share  data  sets  on  a  limited  basis.  In  order  to  archive  these 
“medium  sized”  data  set  collections  in  an  organized  and 
easily  accessible  manner  and  to  facilitate  distribution  of  data 
sets  on  a  limited  basis,  we  have  developed  a  system  to 
provide  researchers  with  a  simple  to  use  archive  and  browse 
system. 

SYSTEM  DESCRIPnON 

The  GDMS  system  consists  of  four  basic 
components:  load  utilities,  archive,  browse  functions  and  the 
GUI  (Fig.  1).  These  utilities  are  extendible  to  additional 
remote  nodes  which  may  be  accessed  via  WWW  (World 
Wide  Web)  based  hyperlinks  (Fig.  2). 

The  current,  beta  version  of  GDMS  is  implemented 
in  PERL  (Practical  Extraction  &  Report  Language),  CGI 
(Common  Gateway  Interface)  and  HTML  (Hypertext 
Markup  Language).  A  useful  feature  of  the  local  GDMS 
system  at  BPRC  is  the  ability  to  automatically  ingest  ERS-1 
and  IERS-1  SAR  data  sets  directly  from  the  distribution 
media.  A  browse  image  is  also  produced  by  the  ingest 
procedure  (50-l(X)  Kbytes).  The  loader  functions  are 
implemented  in  C  and  can  be  controlled  from  the  GDMS 
WWW  interface.  Access  to  these  functions  and  the  ability  to 
modify  a  local  data  archive  is  restricted  to  authorized  local 
individuals. 
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USER  INTERFACE 


GDMS  provides  the  user  with  a  GUI  based  interface 
(Fig.  3)  for  searching  and  viewing  data  sets,  in  both  remote 
and  local  archives.  The  system  is  WWW  based.  This  makes 
the  system  accessible  from  most  of  the  widely  varying 
computer  platforms  used  by  scientists  and  researchers. 

A  user  may  conduct  searches  on  data  archives  by 
specifying  search  parameters  or  by  using  an  interactive 
coverage  map.  Hyperlinks  to  data  set  images  and  coverage 
maps  (Fig.  4)  showing  geographical  locations  of  data  sets 
make  GDMS  a  powerful  search  and  browse  tool.  The  browse 
images  (Fig.  5)  are  reduced  considerably  in  resolution  to 
facilitate  rapid  downloading  and  viewing  over  the  internet. 


BPRC-RSL  SAR  Archive  Page 


Note: 

The  Images  provided  in  these  archives  are  Copyright  of  ESA.  They  are  intended  to  be  used  as  browse 
images  o»fy.  The  resolution  has  been  degraded  considerabfy  from  the  original  image  data. 
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Figure  3.  GDMS  client  search  interface  accessed  using 
Netscape  WWW  browser.  BPRC  local  SAR  image  archive. 

Users  may  access  the  system  as  chents  simply  by 
using  a  WWW  browser  such  as  Netscape  or  NCSA  Mosaic. 

A  user  may  also  maintain  a  GDMS  server  to  archive  local 
data  sets  on-line  and  make  selected  data  sets  available  on¬ 
line  to  client  users.  Hyp^links  to  published  archive 
locations  provided  from  the  GDMS  homepage. 


Figure  4.  GDMS  coverage  map  showing  locations  of  SAR 
images.  Map  is  a  clickable  image  map.  North  polar 
projection. 

APPLICATIONS 

GDMS  is  implemented  as  a  beta  version  at  the  Byrd 
Polar  Researdi  Center.  The  archive  contains  almost  500 
synthetic  aperture  images  primarily  of  polar  regions.  The 
archive  has  proven  to  be  a  valuable  tool  for  assisting 
researchers  at  BPRC  in  identifying  and  locating  data 
relevant  to  their  particular  research  project.  Some  examples 
of  how  GDMS  has  been  used  are  listed  below. 

•  Selection  of  SAR  imag^  over  the  Antarctic  Peninsula 
for  use  in  studies  to  determine  the  feasibility  of  use  of 
SAR  in  regional  geomorphology. 

•  GDMS  has  been  used  to  visually  inspect  SAR  images  of 
Antarctica  in  for  selection  of  tie  points  to  be  used  for 
terrain  correction  of  the  SAR  mosaic  to  be  produced  by 
the  Radarsat  Antarctic  Mapping  Project.  GDMS  will 
also  be  used  to  monitor  the  progress  of  data  acquisition 
during  the  18  day  Antarctic  mapping  mission.  Access 
to  the  local  archive  has  been  provided  to  co-investigators 
as  necessary. 

•  The  Byrd  Center’s  GDMS  archive  can  be  accessed  at 

http:Hpolestar.mps.ohio-state.edufgdmsfGDMS.html 
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FUTURE  DEVELOPMENT 

The  Geophysical  Data  Management  System  will 
continue  to  be  developed  as  a  research  tool  for  Pi’s  and 
individual  researchers.  Some  features  to  be  added  to  the 
system  for  subsequent  versions  are  listed  below. 

•  Ability  to  conduct  cross  archive  searches,  thus  allowing 
a  researcher  to  search  several  archives  for  the  desired 
data  sets. 

•  Ability  to  ingest  and  archive  a  wide  variety  of  data  types 
not  limited  to  SAR. 

•  Allow  local  archives  to  be  easily  configurable  by  users  to 
accommodate  the  needs  of  a  particular  archive. 
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Figure  5.  Synthetic  aperture  radar  image  of  Alexander 
Island  and  George  VI  Sound  in  Antarctica.  The  image  is 
used  in  an  attempt  to  identify  structural  features  of  the 
glacier  and  underlying  surface  features. 
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ABSTRACT 

A  portion  of  the  Greenland  ice  sheet  margin  near  the 
Jakobshavn  area  is  mapped  using  an  automatic,  hierarchical 
approach  applied  to  ERS-1  Synthetic  Aperture  Radar  (SAR). 
Image  tone  and  texture  variability  between  the  bare  ice  facies 
near  the  ice  sheet  margin  and  recently  deglaciated  rocks  are 
used  to  map  the  ice  sheet  margin.  This  process  involves 
integration  of  an  anisotropic  diffusion  algorithm,  local 
dynamic  thresholding  method,  and  edge  following  scheme. 

INTRODUCTION 

Ice  sheet  margin  advances  and  recessions  are  highly 
correlated  with  climatic  change  over  the  western  part  of 
Greenland  [6],  This  suggests  that  consistent  and  long-term 
observations  of  the  ice  sheet  margin  change  may  provide  a 
useful  indicator  of  changing  climate. 

SAR  imagery  has  shown  potential  to  monitor  ice  sheet 
margin  changes[2].  ERS-1  SAR  imagery  supplies  high- 
resolution  image  information  of  ice  sheet  margin  regardless  of 
weather  conditions,  day  and  night. 

An  automatic  ice  sheet  margin  detection  algorithm  is 
implemented  to  monitor  and  detect  the  margin  fluctuations 
using  ERS-1  SAR  imagery,  A  portion  of  the  Greenland  ice 
sheet  margin  near  the  Jakobshavn  area  is  mapped  using  an 
automatic,  hierarchical  approach  applied  to  ERS-1  SAR 
imagery. 

APPROACH 

Image  texture  and  tone  variation  of  SAR  imagery 
between  bare  ice  facies  at  the  margin  of  the  ice  sheet  and 
recently  deglaciated  rock  are  used  to  map  the  ice  margin. 
Fig.l  shows  the  schematic  diagram  for  the  approach. 

The  ice  sheet  margin  is  detected  by  application  of 
several  different  algorithms.  First  of  all,  original  SAR 
imagery  is  geocoded  and  terrain  corrected  using  the  available 
digital  elevation  model  produced  in  Denmark  at  Kort-  og 
Matrikelstyrelsen  (KMS).  Fig.  2  represents  the  geocoded  and 
terrain  corrected  ERS-1  SAR  imagery  of  August  20,  1992 
with  resolution  of  100m. 

An  anisotropic  diffusion  algorithm  proposed  by  [4] 
is  used  to  minimize  noise  while  not  perturbing  the  position 
and  magnitude  of  significant  edge  features. 


Fig.  1.  Schematic  diagram  for  margin  detection  algorithm. 
I  ERS-1  SAR  IMAGERY  1992  August,  20 


UTM  Coordinate  System  (Unit:  m) 


jtooao-  «  2t30oo  \  ^  J 

Fig.  2.  Geocoded  and  terrain  corrected  ESA  ERS-1  SAR 
imagery. 
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Fig.  3  shows  the  resultant  image  after  applying  the 
anisotropic  diffusion.  As  shown  in  Fig.  3,  noise  is  reduced 
without  smoothing  or  displacing  the  significant  edge  features. 


Fig.3.  The  resultant  image  after  applying  an  anisotropic 
diffusion  algorithm  on  Fig.2  using  the  inverse  form  for 
directional  diffusion  coefficient  (  K=5,  iterations  =  50). 


Texture  data  is  created  by  using  second  order 
statistics  in  a  small-area  image  patch.  After  creating  texture 
data,  the  local  dynamic  thresholding  algorithm  [3]  is  applied 
to  both  the  resultant  statistical  data  of  texture  and  the  edge 
enhanced  image  of  Fig.  3.  This  procedure  segments  the 
images  into  three  different  gray  level  classes. 

Fig.  4  is  the  classified  image  after  applying  local 
dynamic  thresholding  algorithm  to  Fig.  3.  Fig.  5  represents 
the  classified  image  after  applying  the  local  dynamic 
thresholding  algorithm  to  gray  level  converted  texture  data. 

A  final  image  was  created  by  combining  the  results 
of  Fig.  4  and  Fig.  5.  This  was  done  by  selecting  the  same 
class,  for  example  the  rock,  in  both  Fig.  4  and  Fig.  5  and 
then  filtering  out  the  other  two  classes.  Edge  detection  is 
performed  on  the  final  image  using  Roberts  edge  detection 
method  [5]. 

Unwanted  small  edges  are  identified  within  both  the 
ice  sheet  and  rock  area.  A  recursive  line  following  scheme  is 
implemented  by  using  chain  code  [1]  to  detect  the  small 
edges.  The  binary  line  image  is  scanned  line  by  line  for 
points  from  which  to  start  a  chain.  Every  continuous  line  is 
chain  coded  and  the  length  of  each  line  is  stored.  Global 
constraint  is  set  to  identify  the  ice  sheet  boundary  and  reomve 


Fig.  4.  Classified  image  of  Fig.3  after  applying  dynamic 
thresholding 


Fig.  5.  Classified  image  of  gray  level  converted  texture  data 
after  applying  the  dynamic  thresholding  method. 


the  unwanted  small  edges  by  calculating  the  length  of  edges. 


RESULTS 


Fig.  6  is  the  final  result  of  ice  sheet  boundary  after 
removing  unwanted  boundaries.  The  constraint  on  the  length 
of  an  edge  for  this  result  is  3000  pixels  (size  of  image  is 
1024x1024).  Fig.  7  shows  the  image  of  the  detected  ice  sheet 
boundary  draped  on  Fig.  1.  The  detected  ice  sheet  boundary 
matches  with  the  visually-inspected  ice  sheet  margin  to 
within  several  pixels  (300m). 

CONCLUSION 

We  presented  steps  for  automatic  ice  sheet  margin 
extraction  by  integrating  several  different  algorithms.  A 
consistent,  long-term  application  of  the  algorithm  will  aid  in 
monitoring  whether  the  ice  sheets  are  retreating  or  advancing 
and  how  the  patterns  are  and  in  modeling  the  local/global 
climate  models. 


Fig.  7.  Detected  ice  sheet  margin  (Fig.6)  draped  over  Fig.l. 
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ABSTRACT 


THE  DATA  SET 


The  all-weather  capability  of  SAR  makes  it  interesting  for 
flood  monitoring.  A  major  flood  occurred  in  south  Norway  in 
June  1995.  Several  ERS-1  SAR  images  was  acquired  over  the 
region  during  the  flooding.  Change  detection  techniques  was 
applied  using  additional  ERS-1  SAR  images  taken  before  the 
flooding.  The  location  and  extend  of  the  flooded  regions  was 
then  registered  in  areas  that  had  moderate  wind  conditions.  In 
the  future,  RADARSAT  may  prove  to  be  an  alternative  for 
flood  monitoring  since  it  can  operate  at  higher  incidence 
angles  and  therefore  be  more  independent  of  the  wind 
conditions. 


INTRODUCTION 


ERS-1  SAR  images  have  previously  been  used  to  study  the 
flood  in  St.  Louis  in  summer  1993  [1],  the  flood  in  western 
Europe  in  December  1993  and  January  1994  [2],  and  flooded 
areas  near  the  Tanaro  river  in  Italy  in  November  1994  [3]. 
Each  ERS-1  SAR  image  covers  an  area  of  100  x  100  km,  with 
a  resolution  of  25  m.  This  will  give  good  possibilities  for 
covering  large  flooded  areas  while  still  capturing  fine  details 
like  bridges  and  small  rivers. 

In  late  May  and  early  June  1995,  the  south-eastern  parts  of 
Norway  was  struck  by  one  of  the  largest  spring  flooding  in 
Norway  in  this  century.  The  flooding  caused  large  damages  in 
agricultural  areas  as  well  as  towns  located  along  the  rivers. 
The  two  main  rivers  involved  in  the  flooding  are  called 
Gudbrandsdalslagen  and  Glomma.  These  rivers  run  through 
agricultural  and  forested  landscape  in  the  Gudbrandsdalen  and 
0sterdalen  valleys  respectively  on  their  300  km  long  way  from 
the  high  mountains  to  the  North  Sea.  During  the  flooding 
period  that  lasted  more  than  2  weeks,  the  river  level  rose  by 
several  meters.  The  flooding  culminated  the  first  week  of 
June. 
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Three  ERS-1  SAR  full  resolution  images  (FRI)  was 
acquired  at  about  12:20  local  time  over  the  flooded  areas  the 
4  and  7  June  1995.  These  images  are  processed  and  delivered 
by  Troms0  Satellite  Station  in  Norway.  The  image  acquired 
the  4  June  covered  the  flooding  in  0sterdalen  from  Elisa  to 
Kongsvinger  (see  fig.  l.l).  The  two  SAR  images  from  the  7 
June  covered  flooded  areas  in  0sterdalen  and  Mj0sa,  from 
Koppang  in  the  north  to  Sarpsborg  in  the  south. 

Strong  wind  conditions  on  the  7  June  made  it  impossible  to 
distinguish  between  water  bodies  and  land  surface  in  these 
ERS-1  SAR  images.  On  the  contrary,  the  4  June  SAR  image 
gave  good  contrast  between  vegetation  and  areas  covered  by 
water.  In  the  data  arch3ve  at  Norwegian  Defence  Research 
Establishment  (FFI),  an  ERS-1  SAR  image  from  25  August 
1994  covers  the  same  areas  as  the  flooding  in  the  4  June  image. 
A  Landsat  Thematic  Mapper  (TM)  image  from  1  July  1994  is 
also  available  at  FFI. 


Figure  LI  A  map  over  south  Norway  indicating  the  ERS-l 
SAR  image  acquired  over  the  flooded  areas 
along  the  Glomma  river  in  0sterdalen  the  4 
June  1995. 
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METHODOLOGY 

Good  flood  monitoring  can  be  achieved  using  a  change 
detection  technique  between  SAR  images  taken  under  the 
flooding,  and  SAR  images  taken  before  the  flooding. 

ERS-1  SAR  is  operating  with  a  wavelength  of  5.6  cm  and 
an  incidence  angle  of  only  23  degrees.  These  parameters 
indicate  that  the  SAR  signal  will  be  very  sensitive  to  the  water 
surface  roughness.  A  prerequisite  for  good  flood  monitoring 
using  ERS-1  SAR  is  therefore  moderate  wind  conditions.  In 
our  case,  only  the  4  June  ERS-1  SAR  image  could  therefore 
be  used  for  flood  monitoring. 

Both  the  25  August  1994  SAR  image  and  the  4  June  1995 
SAR  image  cover  the  flooded  area  Flisa-Kongsvinger  in 
0sterdalen.  These  images  are  taken  from  ascending  and 
descending  satellite  pass  respectively. 

First,  the  images  has  to  be  registered  to  each  other.  This  is 
done  by  selecting  9  ground  control  points  taken  from  bridges 
and  other  structures  that  are  visible  along  the  Glomma  river  in 
both  SAR  images.  The  24  August  image  is  then  resampled  and 
transformed  into  the  geometry  of  the  4  June  image  with  an 
accuracy  of  about  30  m  along  the  river.  No  topographical 
corrections  are  made  during  the  registration  process  because 
the  geometrical  SAR  effects  are  assumed  to  be  negligible 
along  the  flat,  flooded  areas  next  to  the  river. 


RESULTS 

The  changes  that  are  caused  by  the  flooding  can  be 
visualized  on  a  computer  by  simply  showing  the  two  registered 
SAR  images  as  a  color  composite  where  the  4  June  image  is 
loaded  into  the  red  and  green  channel,  while  the  25  August 
image  is  loaded  into  the  blue  channel.  The  flooded  areas  will 
then  get  a  blue  color.  This  is  because  the  flooded  areas  will 
give  little  SAR  backscatter  the  4  June,  but  a  lot  of  backscatter 
from  the  vegetation  cover  the  25  August.  Fig.  1.2  shows  a  SAR 
image  composite  from  the  flooded  areas  round  Flisa  in 
0sterdalen. 

It  may  be  difficult  to  geographically  locate  the  flooded  areas 
by  looking  at  a  SAR  image.  The  flooded  areas  can  therefore 
first  be  extracted  manually  or  automatic  using  the  two  SAR 
images,  and  then  the  extracted  areas  can  be  plotted  onto  a 
Landsat  TM  image,  or  a  map. 


Figure  1.2  A  composite  of  the  25  August  1994  and  4  June 
1995  image.  The  flooding  is  shown  as  dark 
areas  along  the  Glomma  river. 

In  this  way  it  is  easier  to  recognize  the  geographical  location 
of  the  flooded  areas.  In  fig.  1.3,  the  flooded  areas  are  plotted 
onto  a  Landsat  TM  satellite  image.  The  flooded  areas  were 
here  manually  extracted  from  the  ERS-1  SAR  images  using  an 
interactive  image  processing  system. 

The  registered  flooded  areas  can  also  be  put  into  a 
geographical  information  system  (GIS)  for  further 
investigation  and  analysis. 

Analysis  along  a  50  km  long  part  of  the  Glomma  river  from 
Flisa  to  Kongsvinger  (see  fig.  1.3)  indicated  that  about  23.8 
km2  was  flooded  the  4  June  1995. 
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Figure  1.3  Flooded  areas  from  Flisa  to  Kongsvinger  were 
extracted  from  ERS-l  SAR  images  and  superim¬ 
posed  as  black  areas  onto  the  Landsat  TM 
image  from  I  July  1994. 


Flooded  areas  can  be  extracted  from  a  SAR  image  by 
detecting  changes  along  the  rivers  with  respect  to  another  SAR 
image  that  is  taken  under  normal  conditions.  It  is  then  an 
advantage  if  the  two  SAR  acquisitions  are  close  to  each  other 
in  time,  otherwise  the  flood  analysis  may  be  disturbed  by  large 
seasonal  variations  and  plant  growth. 

The  ERS-l  SAR  operating  frequency  and  incidence  angle 
require  moderate  wind  conditions  for  discriminating  water 
bodies  and  surrounding  land  areas.  This  clearly  puts 
limitations  on  the  use  of  ERS-l  SAR  for  flood  monitoring. 

It  would  be  an  ad  /antage  to  use  L-band  rather  than  C-band 
SAR.  This  is  because  the  water  surface  normally  gives  a  lower 
backscatter  in  L-band  images  than  in  C-band  images, 
regardless  of  the  wind  conditions. 

An  ERS-l  revisit  frequency  of  1  week  at  latitudes  of  south 
Norway  does  not  match  operational  requirements.  The 
time-critical  phase  lasts  normally  only  a  few  days,  and  the 
flood  release  team  would  therefore  need  daily  updates.  It 
would  therefore  be  more  interesting  to  use  RADARS  AT  that 
will  have  a  nearly  daily  coverage  at  latitudes  above  60  degrees 
North.  RADARSAT  will  also  have  the  possibility  of  operating 
at  higher  incidence  angles  than  23  degrees,  giving  the 
possibility  for  good  SAR  change  detection  even  when  the  wind 
is  roughening  the  water  surface. 
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.ABSTRACT 

A  physically  based  algorithm  relating  microwave 
satellite  radiometer  brightness  temperatures  to 
land  surface  parameters  is  developed,  through 
integrating  physical  algorithms  previously 
developed  at  Aerojet  for  the  scattering,  absorption, 
and  emission  characteristics  of  land  surface  and 
atmosphere  components.  Numerical  simulations 
based  on  the  algorithm  showed  how  the  radiometer 
observations  are  influenced  by  the  atmosphere. 
They  also  revealed  some  factors  limiting  the 
radiometer  ability  in  monitoring  the  variation  in 
soil  moisture  along  the  canopy  depth.. 

INTRODUCTION 

For  over  thirty  years  Aerojet  has  played  a  leading 
role  in  microwave  satellite  radiometry  through 
designing  radiometers,  and  through  developing 
mathematical  algorithms  describing  the  absorption, 
scattering,  and  emission  characteristics  of  several 
surface  and  atmosphere  components  such  as 
vegetation,  sea  ice,  precipitation,  sea  surface,  water 
vapor,  oxygen  ,  etc.  Those  algorithms  have  two 
common  features,  not  available  in  other  similar 
published  algorithms  :(i)  they  are  physically  based 
algorithms,  and  (ii)  they  are  applicable  over  a  wide 
frequency  bands  ranging  from  microwave  to 
millimeter  wave  frequencies.  In  the  area  of  satellite 
microwave  radiometry,  as  in  other  areas  of  remote 
sensing,  physical  rather  than  empirical  algorithms 
have  the  merits  of  evaluating  the  performance  of 
operating  sensors,  and  of  generating  simulated 
observations  for  sensor  configurations 
(polarization,  frequency,  and  incidence  angles)  not 
covered  by  current  sensors.  The  applicability  of 
the  algorithms  over  a  wide  frequency  bands  enable 
us  to  compare  the  performance  of  radiometers 
operating  at  different  frequencies  and  to  determine 
the  optimum  frequency  bands  required  for  the 
retrieval  of  certain  land-surface  parameters.  In 
this  study,  the  description  of  some  of  the 
algorithms  that  have  been  already  developed  at 
Aerojet  are  outlined  and  then  integrated  to  develop 
a  physically  based  algorithm  relating  the  satellite 
0-7803-3068-4/96$5.00©1996  IEEE 


borne  radiometer  observations  to  both  land  surface 
parameters  and  the  atmospheric  parameters. 
Numerical  simulations  are  performed  using  the 
algorithm  to  investigate  (i)  the  effect  of  atmosphere 
on  radiometer  observations,  and  (ii)  the  potential  of 
the  current  operating  radiometers  in  monitoring 
soil  moisture. 

ALGORITHM  DEVELOPMENT 

The  mathematical  algorithms  developed  at  Aerojet 
can  be  placed  into  three  groups:  (i)  algorithms  for 
land  surface  components,  (ii)  algorithms  for  lower 
atmosphere,  and  (iii)  algorithms  for  upper 
atmosphere.  Only  the  first  two  groups  of 
algorithms  are  considered  here,  because  in  relating 
radiometer  observations  to  land  surface  parameters 
lower  millimeter  wave  frequencies  should  be  used, 
e.g.  below  85  GHz.  In  this  frequency  range  the 
effect  of  the  upper  atmosphere  on  the  radiometer 
observations  is  negligible.  In  the  first  group  of 
algorithms,  electromagnetic  field  theory  is  applied 
to  relate  the  absorption,  scattering,  and  emission 
characteristics  of  land  surface  components  to  the 
geometric  properties  (such  as  surface  roughness, 
biomass,  type  of  vegetation  cover,  etc.)  and 
physical  properties  (such  as  soil  moisture,  land 
surface  temperature,  vegetation  water  contents, 
etc.)  of  such  components.  Geometric  properties 
determine  the  propagation  direction,  and  the 
polarizations  of  the  radiations  received  by  the 
radiometers.  Physical  properties  determine  the 
dielectric  properties  of  the  medium  under 
consideration,  and  hence  the  level  of  the 
radiometer  brightness  temperatures.  In  this  study, 
the  scattering,  absorption,  emission  characteristics 
of  land  surface  components  are  integrated  through 
solving  the  radiative  transfer  equations,  or 
applying  strong  fluctuation  theory  to  formulate  the 
land  surface  emissivity  and  brightens  temperature. 
In  the  second  group  of  algorithms,  only  the 
absorption  and  emission  properties  of  the 
precipitation  and  atmospheric  gases,  e.g.,  oxygen 
and  water  vapor  are  considered.  This  is  because,  at 
microwave  frequencies  as  well  as  millimeter  wave 
frequencies,  and  in  the  absence  of  hydrometeors, 
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the  scattering  characteristics  of  the  intervening 
atmosphere  are  negligible.  The  absorption  and 
emission  characteristics,  are  derived  from  the 
frequency  intensity  and  width  of  the  oxygen  and 
water  vapor  absorption  lines.  Then  by  solving  the 
radiative  transfer  equation  in  the  atmosphere,  and 
using  the  surface  temperature  and  reflectivity  as  a 
boundary  conditions  the  radiometer  brightness 
temperature  can  be  formulated  in  terms  of  both 
land  surface  and  atmospheric  parameters. 

NUMERICAL  SIMULATIONS 

The  results  of  the  numerical  simulations  are 
presented  in  Figs.  1-4.  Figure  1  gives  the  emitted 
sky  brightness  temperature  at  the  land  surface  at 
two  different  observation  angles  :  20°,  and  65°.  In 
Fig.  2,  atmospheric  transmissivity  calculated  at  the 
satellite  as  a  function  of  frequency  at  the  same 
observation  angles  considered  in  Fig.  1. 


Fig.  1  The  sky  radiation  at  land  surface  as  a 
hmction  of  frequency. 


Fig.  2  The  atmospheric  transmissivity  as  a  function 
of  frequency. 

Both  figures  are  calculated  under  clear  sky 
conditions,  e.g.  there  is  no  clouds  and  precipitation 
in  the  sky.  USA  standard  atmosphere  is  used  to 
provide  the  atmospheric  conditions  required  as 
input  for  the  algorithm,  e.g.  water  vapor  profile 
and  temperature  profile. 

Figure  3  depicts  the  variation  in  satellite  brightness 
temperature  as  a  function  of  soil  depth  along  which 
the  soil  moisture  is  varying.  The  soil  is  taken  to 
have  an  exponential  moisture  profile  to  a  certain 
depth  and  is  assumed  to  be  uniform  beyond  that 
depth.  The  volumetric  soil  moisture  at  the  soil 
surface  is  equated  to  25  %  and  its  value  beyond 
the  variation  depth  is  equated  to  70%.  Figure  3  is 
calculated  at  37  GHz  for  65°  observation  angles 
and  a  plane  soil  interface,  both  vertical  and 
horizontal  polarizations  are  considered  in  Fig.  3. 
Figure  4  gives  the  horizontally  polarized 
brightness  temperature  at  the  same  observation 
angle  used  in  Fig.  3  at  three  different  frequencies  : 
19,  22,  and  37  GHz. 
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Fig.  3  The  radiometer  brightness  temperature  as  a 
function  of  soil  depth  for  a  plane  soil  surface. 

The  soil  surface  in  Fig.  4  is  taken  to  be  rough  with 
a  variance  equal  to  1  cm. 

DISCUSSIONS 

From  Figs.  1  and  2  we  see  that  both  the  sky 
radiation  at  land  surface  and  atmospheric 
trasmissivity  follow  the  variations  in  atmospheric 
absorption  with  frequency.  Higher  absorption 
values  for  the  atmosphere  (  at  22.235  GHz,  where 
the  first  absorption  line  for  water  vapor  occurs,  and 
around  60  GHz,  where  the  first  set  of  oxygen 
absorption  lines  occur)  are  associated  with  higher 
sky  radiation  values  and  lower  trasmissivity  values. 
From  Figs.  3  and  4  we  see  that  (i)  at  37  GHz,  the 
radiometer  can  sense  a  variation  in  soil  moisture 
occurring  along  a  depth  not  exceeding  2  mm,  (ii) 
the  horizontally  polarized  temperatures  are  more 
sensitive  to  the  variation  in  soil  moisture  profile 
than  the  vertically  polarized  temperature,  and  (iii) 
the  soil  surface  roughness  decrease  the  radiometer 
sensitivity  to  the  variation  in  soil  moisture  along 
the  soil  depth. 


Soil  Depth  (mm) 


Fig.  4  The  radiometer  brightness  temperature  as  a 
function  of  soil  depth  for  a  rough  soil  surface. 
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Abstract  -The  objective  of  this  research  was  to  analyze  the 
potential  of  ERS-1  SAR  data  to  study  the  surface  soil  moisture 
content  of  rocky  soils  in  semi-arid  regions.  The  study  took  place 
at  the  Walnut  Gulch  Experimental  Watershed,  Tombstone,  AZ. 
Field  soil  moisture  contents  and  dry  bulk  densities  in  the  top  5 
cm  were  obtained  from  51  different  sampling  sites  in  the 
watershed  during  a  satellite  overpass  on  July  25,  1994.  One  set 
of  22  points  was  characterized  by  a  sandy  soil,  3-15%  slope,  and 
vegetation  dominated  by  shrubs.  Another  set  of  29  sampling 
sites  was  characterized  by  a  clayey  soil,  0-3%  slope,  and  covered 
by  grasses  and  forbes.  Soil  roughness  was  measured  at  eight  of 
these  sites.  The  SAR  image  was  georeferenced  in  the  Universal 
Transverse  Mercator  (UTM)  coordinate  system  and  calibrated 
using  a  digital  elevation  model  (DEM).  In  general,  the 
correlation  between  volumetric  soil  moisture  content  and  the 
radar  backscatter  signal  was  poor,  but  improved  (r^  =  0.78  and 
0.41  for  the  first  and  second  sets,  respectively)  when  limited  to 
sites  with  volumetric  moisture  contents  higher  than  10%.  The 
low  correlation  was  due  to  the  dominant  influence  of  soil 
roughness  which  was  directly  related  to  the  proportion  and  size 
of  rock  fragments.  Although  roughness  seems  to  explain  much 
of  the  variance  from  the  radar  backscatter  signal,  it  was  not  clear 
how  best  to  parameterize  the  roughness  properties.  Continued 
research  includes  modeling  and  separating  moisture  and 
roughness  influences. 


INTRODUCTION 

A  number  of  authors  ([1],  [2],  [3])  have  addressed  the  use  of 
remote  sensing  to  estimate  soil  moisture  content.  Experiments 
with  truck-mounted,  aircraft,  and  spaceborne  microwave  sensors 
have  shown  good  prediction  potential  for  soil  moisture  within 
the  top  5  centimeters  of  soil.  Soil  moisture  can  be  estimated  from 
microwave  data  because  of  the  large  contrast  between  the 
dielectric  properties  of  liquid  water  (80)  and  dry  soil  (3-5).  Thus, 
as  the  soil  moisture  increases,  even  slightly,  the  dielectric 
constant  can  increase  to  a  value  of  20  or  greater  [3].  Other 
strengths  of  microwave  sensors  are  their  capabilities  of  day/night 
operation,  cloud  penetration,  and  large-scale  mapping  within  a 
short  time  and  reasonable  cost  [4]. 

However,  one  major  difficulty  in  mapping  soil  moisture  using 
microwave  sensors  is  the  influence  from  both  vegetation  canopy 
and  soil  roughness  ([5],  [6]).  Most  authors  have  shown  that  there 
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is  a  linear  relationship  between  the  radar  backscatter  coefficient 
(o°)  and  soil  moisture  content,  but  this  relationship  does  not 
remain  valid  for  sites  with  dense  vegetation  cover  and/or  rough 
soil  surface.  For  instance,  agricultural  fields  with  furrows 
oriented  perpendicular  to  the  radar  incident  energy  or  sites  with 
a  high  percent  of  rock  fragments  can  result  in  a  low  correlation 
between  a°  and  soil  moisture.  The  objective  of  this  research  was 
to  analyze  the  potential  of  ERS-1  SAR  data  to  study  surface  soil 
moisture  content  from  rocky  soils  and  sparse  vegetation  cover  in 
semi-arid  regions.  The  study  took  place  at  the  Walnut  Gulch 
Experimental  Watershed  (WG)  in  Tombstone,  southeastern 
Arizona. 


EXPERIMENTAL  DESIGN 

This  study  was  based  on  the  ERS-1  SAR  image  obtained  on 
July  25,  1994  at  approximately  11:00  AM  (local  time).  This 
sensor  operates  at  5.3  GHz  (C-  band),  VV  polarization,  23° 
incidence  angle  and  12.5  meters  of  nominal  spatial  resolution. 
The  date  was  chosen  to  coincide  with  the  summer  ’’monsoon” 
season  in  July  and  August.  The  goal  was  to  obtain  a  high  soil 
moisture  content  during  the  overpass  so  that  this  parameter  could 
be  evaluated  appropriately.  An  average  of  10.3  millimeters 
precipitation,  with  a  standard  deviation  of  3.1  millimeters 
occurred  during  the  two  days  before  the  satellite  overpass, 
calculated  from  89  rain  gages  located  across  the  watershed. 

The  image  was  calibrated  (i.e.,  corrected  to  account  for  the  real 
backscatter  area  of  each  pixel)  and  georeferenced  in  the 
Universal  Transverse  Mercator  (UTM )  coordinate  system  using 
a  digital  elevation  model  (DEM)  [7].  Radar  backscatter 
coefficients  were  extracted  from  this  calibrated  and 
georeferenced  image  using  the  following  equation: 

o°(dB)=  101og<DNV-K  (1) 

where  DN^  =  average  value  of  200  squared  digital 
numbers  at  the  site, 

K  =  calibration  constant  given  by  European 
Space  Agency  (ESA). 

Gravimetric  soil  moisture  samples  within  the  top  5  cm  (three 
replicates)  were  collected  in  the  same  day  of  the  satellite 
overpass  over  two  different  surface  conditions.  One  set  of  29 
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sites  was  located  at  the  eastern  part  of  the  watershed  over  a 
clayey  Forrest-Bonita  complex  soil  unit  [8],  0-3%  slope  and 
vegetation  dominated  by  grasses  and  forbes.  Another  set  of  22 
sites  was  located  at  the  western  part  of  the  watershed,  over  a 
sandy  Mabray-Chiricahua  outcrop  complex  soil  unit,  3-15% 
slope  and  vegetation  dominated  by  shrubs.  Dry  bulk  density  data 
were  also  obtained  for  each  sampling  point,  allowing  the 
calculation  of  volumetric  soil  moisture.  Finally,  eight  field  soil 
roughness  measurements  (three  replicates)  were  made  after 
analyzing  the  scatterplot  of  and  soil  moisture.  The  field 
roughness  measurements  were  collected  using  a  device 
developed  by  the  USDA/ARS,  which  measures  100  heights  of 
soil  surface  per  meter  [9].  These  heights  were  digitized  in  a  GIS 
software  package  (Arc/Info)  to  calculate  the  standard  deviation 
(in  centimeters)  that  corresponded  to  the  soil  roughness  of  the 
site  (Table  1). 


RESULTS 

The  scatt^lot  of  o®  and  soil  moisture  (Figs.  1  and  2)  showed 
very  low  correlation  over  both  soil  units  (r^  =  0.08  and  0.02  for 
Mabray-Chiricahua  and  Forrest-Bonita  soil  units,  respectively). 
Some  improvement  was  found  (r^  =  0.78  and  0.41  for  Mabray- 
Chiricahua  and  Forrest-Bonita  soil  units,  respectively)  when  the 
analyzed  data  was  limited  to  only  sites  having  volumetric 
moisture  contents  higher  than  10%.  However,  the  correlation 
was  still  lower  than  those  reported  by  others  (e.g.,  correlation 
coefficients  higher  than  0.85,  [10]). 

This  low  correlation  was  most  likely  due  to  the  dominant 
influence  of  soil  roughness  at  the  Walnut  Gulch  Experimental 
Watershed  (over  20%  of  rock  fragments  and  less  than  1  kg/m^  of 
biomass),  which  is  particularly  important  in  C-band  data  [11]. 
For  instance,  the  Forrest-Bonita  soil  unit  exhibited  two  sets  of 
sites  (Set  1  and  Set  2,  Fig.  2)  that  behaved  opposite  to  that 
expected.  Set  1  presented  low  moisture  contents  (less  than  6%) 
but  relatively  high  (more  than  -8.5  dB).  Set  2  presented  high 
moisture  contents  (more  than  13%),  but  low  (less  than  -9.6 
dB).  The  soil  roughness  data  collected  over  these  two  sets  (Table 
1)  indicated  a  rougher  surface  with  Set  l(more  than  1.6  cm  of 
soil  roughness)  and  thus  higher  values  while  the  relatively 
smooth  surface  of  Set  2  (less  than  1.1  cm  of  soil  roughness) 
explained  its  low  o®  values.  Although  we  can  expect  only 
attenuation  effects  in  the  for  WG’s  sparsely  vegetated 
watershed,  the  differences  in  the  total  green  biomass  for  each  site 
probably  contributed  for  the  low  correlation  between  o'"  and  soil 
moisture  as  well. 

Therefore,  at  the  Walnut  Gulch  conditions,  soil  roughness 
presented  a  strong  (if  not  dominant)  effect  on  the  backscatter 
coefficient.  In  order  to  retrieve  soil  moisture  from  radar  data  in 
regions  similar  to  the  Walnut  Gulch  Watershed,  the  influence  of 
both  soil  moisture  and  roughness  need  to  be  modeled  and 
separated.  One  approach  to  reduce  the  influence  of  the  roughness 
is  the  simple  ratio  (SR)  technique.  Assuming  that  two 
multitemporal  images  acquired  at  the  same  geometrical  and 


spectral  configurations  present  approximately  the  same 
roughness  effect  (valid  for  WG  conditions),  the  SR  image  can 
produce  a  better  correlation  between  soil  moisture  and  o®.  This 
approach  will  be  tested  in  the  future,  using  a  dry  season  ERS-1 
SAR  image  (DOY  1 16,  1992).  Another  difficulty  in  retrieving 
soil  moisture  content  from  radar  data  in  semi-arid  regions  is,  as 
highlighted  by  [12],  the  typically  small  range  of  soil  moisture 
values,  less  than  20%  volumetric  soil  moisture,  even  during  the 
"monsoon"  season.  Future  research  includes  more  soil  roughness 
measurements,  analysis  of  relationship  between  o®  and  rainfall 
data,  and  modeling  and  separating  moisture  and  roughness 
influences. 
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Table  1 

Field  soil  roughness  measurements  (cm)  for  eight  sites  in 
Mabray-Chiricahua  soil  unit. 


Set# 

Site 

Roughness  (cm) 

1 

1 

2.21 

2 

1.69 

3 

1.86 

4 

1.74 

2 

1 

0.66 

2 

1.02 

3 

0.75 

4 

1.02 
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tration".  Proceedings  of  Hydrology  and  Water  Resources 
in  AZ  and  the  Southwest,  v.  8,  pp.  171-174,  1978. 

[10]  R.  Bernard,  P.H.  Martin,  J.L.  Thony,  M.  Vauclin, 
and  D.  Vidal-Madjar,  "C-band  radar  for  determining 
surface  soil  moisture".  Remote  Sens.  Environ.,  v.  12,  pp. 
189-200,  1982, 

[11]  A.  Beaudoin,  T.  Le  Toan,  and  Q.J.H.  Gwyn,  "SAR 
observations  and  modelling  of  the  C-band  backscatter 
variability  due  to  multiscale  geometry  and  soil  moisture". 
IEEE  Trans.  Geosci.  Remote  Sens.,  vol.  28,  n.  5,  pp.  886- 
894,  1990. 

[12]  D.  Troufleau,  A.  Vidal,  A.  Beaudoin,  M.S.  Moran, 
M.A.  Weltz,  D.C.  Goodrich,  J.  Washburn,  and  A.F. 
Rahman,  "Using  optical-microwave  synergy  for 
estimating  surface  energy  fluxes  over  semi-arid  ran¬ 
geland",  Proceedings  of  VI  Int.  Symp.  on  Physical 
Measurements  and  Signatures  on  Remote  Sensing,  17-21 
Jan.,  Vald'Isere,  France,  1994. 


159 


An  Automated  Overland  Flow  Model  Based  Upon  Remote  Sensing  and  GIS 


Cheng-Hua  Leu 

Associate  Professor,  Dept,  of  Civil  Engineering 
National  Chung  Hsing  University,  Taichung,  Taiwan,  ROC. 
TEL:886-4-2853472  FAX: 886-4-2862857  e-mail:402chleu@vax9k.nchu.edu.tw 


ABSTRACT:  This  research  uses  remote  sensing  and  raster- 
based  GIS  technology  to  establish  an  automated  overland  flow 
model  in  watershed  hydrologic  simulations,  the  basic 
framework  is  to  construct  watershed  grid-based  geographical 
feature  data  base.  Based  upon  these  raster  watershed 
characteristics,  the  required  hydrologic  parameters  for  computer 
simulation  can  then  be  extracted  automatically.  Also,  through 
watershed  digital  terrain  model  and  simulated  grid  flow 
algorithms,  a  hydrologically  ordered  cell-to-cell  flow  sequence 
can  thus  be  dictated.  Finally,  by  combining  the  digital 
watershed  flow  algorithms  with  the  kinematic-wave  hydrologic 
modeling  and  using  finite-difference  method  to  solve  the  system 
equations,  the  output  runoff  hydrographs  can  thus  be  produced. 

INTRODUCTION 

Recently,  hydrologic  models  which  simulate  watershed  runoff 
process  have  made  tremendous  improvement  on  both  estimation 
accuracy  and  computer  running  speed.  However,  for  most 
hydrologic  models,  to  perform  rainfall-runoff  simulation,  the 
values  of  related  hydrologic  parameters  have  to  be  determined 
in  advance  and  then  used  as  input  for  simulation.  Thus,  the 
entire  modeling  processes  sometimes  needs  to  be  broken-in- 
steps.  Nowadays,  owing  to  the  rapid  progress  of  personal 
computer  technologies  and  the  integrated  concept  of  remote 
sensing  and  geographical  information  systems,  an  automated 
hydrologic  model  which  links  up  l)basic  thematic  mapping, 
2)parameter  estimation  and  3)runoff  simulation  processes  in  a 
continuous  manner  is  thus  quite  possible. 

This  study  uses  remote  sensing  and  grid-based  GIS  technology 
to  construct  the  main  database  core  for  related  watershed 
analyses.  The  first  step  is  to  generate  the  required  watershed 
digitized  thematic  maps  such  as  topographic,  soil  type  and  land 
use  maps.  Through  vector-raster  transformation,  a  grid  based 
geographic  feature  database  can  be  obtained.  Also,  watershed 
landuse  characteristics  can  be  found  through  image  processing 
on  SPOT  satellite  data.  Based  on  these  watershed  grid-based 
data,  through  expert  systems(ES)  and  associate  database 
management  system,  the  values  of  required  hydrologic 
parameter  for  simulation  can  then  be  extracted  automatically. 
As  for  the  hydrologic  simulations,  through  watershed  digital 
terrain  modeling,  a  hydrologically  ordered  cell-to-cell  flow 
sequence  can  be  dictated  quite  easily.  Finally,  by  combining 
l)digital  watershed  grid  flow  algorithms, 2)parameter  estimation 
and  3)the  kinematic- wave  hydrologic  theoiy  and  using  finite- 
difference  method  to  solve  the  system  equations,  the  output 
runoff  hydrographs  can  thus  be  produced.  Figure  1  presents  the 
scheme  of  the  analysis  procedures  for  this  study. 


Figure  1  A  schemaitc  of  the  automated  hydrologic  modeling 

Test  area:  Der-Chi  Reservoir  watershed  The  overall 
objective  of  test  study  was  to  evaluate  the  simulation  accuracy 
of  the  rainfall-runoff  modeling  based  on  the  proposed 
geographic  database.  The  Der-Chi  Reservoir  watershed,  at  the 
center  part  of  Taiwan  Island,  was  selected  for  this  study  simply 
because  it  is  a  typical  important  forest  watershed  in  Taiwan. 
The  watershed  area  ia  about  523  square  kilometers.  Figure  2  is 
a  3 -dimensional  plot  of  watershed,  which  is  constructed  from  a 
40mx40m  digital  terrain  model  (DTM).  Also,  in  this  research, 
multispectral  image  collected  by  French  satellite  SPOT  was 
used  in  watershed  landuse  classification.  A  world  wide  image 
process  software  ERDAS  was  used  for  image  analysis. 


Figure  2  3-D  topographic  map  of  Der-Chi  Reservoir  watershed 
Hydrologic  Simulation  Model 

The  basic  hydrologic  theory  used  in  watershed  rainfall-runoff 
simulation  of  this  study  is  the  kinematic-wave  model  In 
estimation  rainfall  loss  amount,  SCS  curve  number  method  [1] 
was  introduced.  Thus,  the  basic  governing  equations  for  this 
study  are 
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HYDROLOGIC  PARAMETERS 


+  — =  r . (1) 

d>: 

q  =  ay^  . (2) 

y :  depth 
t :  time 

q  :  flow  rate  per  unit  width 
X :  flow  direction 
a,m :  constant 

The  above  equations  can  be  solved  through  finite-difference 
iterations. 

WATERSHED  GEOGRAPHIC  DATABASE 

Due  to  rapid  advancing  on  the  technologies  in  geographical 
information  systems,  the  complicated  spatial  analyses  on  ground 
features  turns  to  be  more  convenient.  First,  all  kinds  of  map 
data  such  as  topographic  map,  soil  type  map,  etc.,  can  be  stored 
as  different  layers  in  computer  through  GIS  digitizing 
techniques.  Therefore,  these  thematic  maps  can  be  constructed 
as  watershed  geographic  database  and  applied  to  hydrologic 
studies.  In  this  study,  in  order  to  meet  the  requirements  of 
hydrologic  simulation,  watershed  geographic  database  should 
contain  the  following  layers.  They  are  watershed  digital  terrain 
model,  soil  type  and  land  use.  All  the  hydrologic  parameters  can 
thus  be  obtained  from  this  database.  Through  GIS  analysis,  the 
resulted  Der-Chi  Reservoir  watershed  database  is  summarized 
as  below. 

Topographic  feature  The  DTM  of  the  watershed,  provided 
by  Research  Center  of  Space  and  Remote  Sensing  Technology, 
National  Central  University,  was  used  to  obtain  watershed 
topographic  features  such  as  slope,  aspect,  etc.,  which  are 
important  to  determine  direction  of  grid  overland  flow.  The  3-D 
plot  of  the  watershed  DTM  has  been  shovm  in  Figure  2. 

Soil  type  Soil  type  is  an  important  factor  in  determining 
rainfall  loss  and  Manning’s  roughness  n.[2]  In  this  research, 
watershed  soil  map  was  first  digitized  in  vector  mode.  Through 
vector-raster  transformation,  a  grid  base  soil  type  map  was 
generated  and  used  in  hydrologic  parameter  estimation,  [3] 

Land  use  As  mentioned  previously,  SPOT  satellite  3 -band 
multispectral  image  data  were  used  to  determine  watershed  land 
use  characteristics.In  this  study  the  general  statistics  of  landuse 
characteristics  within  the  watershed  are  shown  in  Table  1 . 

Table  1  Land  use  Statistics  of  Der-Chi  Reservoir  watershed 


Land  use 

Area  fkm^ ) 

Percentage 

Conifer 

154.28 

29.50 

Hardwood 

338.64 

64.75 

Orchard 

12.40 

2.37 

Grass 

8.00 

1.53 

Farm 

9.68 

1.85 

By  combining  the  above  data  layers,  a  complete  GIS  database 
of  Der-Chi  Reservoir  watershed  is  thus  established.  This 
database  was  then  used  to  obtain  the  required  parameters  for 
hydrologic  simulation.  The  detailed  procedures  to  determine  the 
parameter  values  are  discussed  in  next  section. 


To  perform  the  hydrologic  modeling,  a  group  of  parameters 
need  to  be  determined.  First,  the  runoff  processes  are  simulated 
based  upon  grid-flow  system.  In  this  study,  the  entire  watershed 
was  divided  into  about  340000  grids,  the  rainfall  runoff 
relationship  is  then  simulated  from  the  upper  stream  grid  to 
watershed  outlet  according  to  the  grid  flow  network.  The  basic 
parameters  regarding  to  the  simulation  processes  are  discussed 
as  below. 

Grid  flow  system  The  basic  framework  of  this  study  is  to 
establish  a  hydrologically  ordered  grid-to-grid  flow  sequence 
which  is  subsequently  used  to  dictate  the  order  of  flow 
computations.  First  of  all,  a  depressionless  watershed  DTM  was 
processed  to  remove  pits  and  depressions  which  would  lead  to 
computer  divergence  in  simulation  iterations.  Flow  directions  of 
each  grid  are  then  assigned  on  the  basis  of  steepest  descent 
away  from  the  current  grid.  Figure  3  is  the  diagram  of  flow 
direction  codes  for  each  grid.  To  determine  the  watershed 
draining  to  a  specifed  outlet  grid,  a  watershed  growing 
procedure  is  thus  used.  First  the  algorithm  examines  all  grids 
neighboring  the  selected  outlet  grid.  Those  grids  flowing  into 
the  outlet  grid  become  the  primary  watershed  drainage  area.  As 
no  neighbors  of  existing  watershed  grids  can  be  found  the  flow 
into  the  watershed,  the  drainage  area  is  considered  to  have  been 
fully  defined.  Using  the  watershed  growing  procedure,  the  flow 
direction  for  each  grid  are  also  dictated.  These  flow  directions 
are  then  used  in  overland  and  channel  flow  routing. 
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Figure  3  Diagram  of  flow  direction  codes  for  cell  X 

Slope  and  aspect  Based  upon  watershed  DTM  data,  since 
the  GIS  software  owns  the  function  in  3-D  analysis.  The  grid- 
by-grid  slope  and  aspect  values  can  be  easily  calculated. 

Rainfall  loss  Basically,  interception  and  infiltration  are  the 
major  parts  of  the  rainfall  loss  in  rainfall-runoff  simulation. 
Usually,  the  loss  amount  is  determined  mainly  by  soil  types, 
land  use  and  antecedent  condition,  which  can  be  estimated 
through  SCS  curve-number  method  [1],  Since  the  soil  type  and 
landuse  within  the  watershed  have  been  stored  on  grid  base,  the 
grid-by-grid  CN  values  can  be  obtained  easily.  These  CN  values 
can  then  be  used  in  estimation  of  effective  rainfall  amount 
through  SCS  method. 

Surface  roughness  Watershed  surface  roughness  is  an 
important  factor  in  kinematic-wave  modeling,  which  is 
determined  mainly  by  land  use.  Crawford  and  Linsley[4]  have 
designated  a  series  of  roughness  values  for  different  ground 
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RESULTS  OF  SIMULATION 


covers.  Since  a  detailed  land  use  map  has  built  in  watershed 
GIS  database,  the  surface  roughness  values  for  each  grid  can  be 
calculated  by  weighting  procedures. 

PARAMETER  ESTIMATION 

In  the  previous  section,  the  parameters  such  as  grid  flow 
system  and  grid  slope  can  be  obtained  directly  from  the  GIS 
database.  On  the  other  hand,  the  parameters  of  rainfall  loss  (in 
terms  of  curve  number)  and  surface  roughness  have  to  be 
obtained  through  experience  rules.  In  this  study,  an  expert 
system  which  collects  all  the  experimental  and  experienced 
rules  is  used  to  determine  curve  number  and  surface  roughness 
in  the  grid  mode  within  the  watershed.  From  the  interactive 
computer  module,  these  two  parameters  can  be  obtained 
through  database  management  and  built-in  expert  system. 
Figure  4  and  5  are  the  examples  showing  the  values  for  selected 
grid  of  these  two  paramaters  from  computer  screen  output. 
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Figure  4  Estimation  on  curve  number  using  expert  system 


Since  all  the  grid-based  values  of  the  required  parameters  have 
been  obtained,  the  hydrologic  simulation  can  thus  be  performed. 
Through  finite-difference  iterations,  with  the  input  rainfall  and 
antecedent  data,  the  runoff  hydrographs  can  be  generated. 
Figure  5  is  the  general  output  of  modeling  results.  By 
comparing  the  simulation  results  with  the  measured  runoff  rates, 
it  is  shown  that  the  proposed  model,  with  the  parameters  values 
estimated  from  GIS  data  base  and  expert  system,  works  quite 
sucessfully  in  estimating  overland  flow  for  Der-Chi  Reservoir 
watershed. 


Time  (hr) 


Figure  6  Hydrologic  simulation  result 
CONCLUSIONS 

This  research  uses  GIS  and  expert  system  technologies  in 
determining  the  hydrologic  paramaters  of  the  watershed  and 
links  all  the  modeling  procedures  through  computer  interfacing. 
In  estmating  the  parameter  values,  the  GIS  grid-based  method 
have  been  tested  sucessfully.  Moreover,  by  fitting  those 
parameter  values  wirh  kinematic-wave  based  hydrologic 
modeling,  the  simulation  results  have  also  been  shown  with 
good  accuracy  in  estimating  runoff  rates. 


Figure  5  Estimation  on  surface  roughness  using  expert  system 
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Abstract:-  ERS-l  and  JERS-1  SAR  data  acquired  with  one 
day  difference  were  compared  to  each  other  to  study  the  effect 
of  frequency  and  incidence  angle  on  soil  moisture  and  various 
land  cover  features.  Optical  data  from  IRS-1  satellite  were  also 
used  for  comparison  with  microwave  data.  Temporal  ERS-1 
SAR  data  acquired  in  three  months  (3  scenes)  were  also 
included  in  the  analysis. 

The  response  of  ERS-1  SAR  data  for  soil  moisture  is  better 
than  that  of  JERS-1  SAR  data.  Effect  of  roughness  and 
vegetation  on  soil  moisture  was  observed  in  both  the  SAR  data 
sets.  The  temporal  changes  in  soil  moisture  using  three  ERS-1 
SAR  scenes  were  clearly  seen.  Classification  accuracy  of 
various  land  cover  features  are  very  poor  in  microwave  data  as 
compared  to  optical  data. 


INTRODUCTION 

There  has  been  growing  interest  in  remote  sensing  commu¬ 
nity  to  use  microwave  SAR  data  of  JERS-1,  ERS-1, 2  and 
Radarsat  satellites  due  to  its  availability  irrespective  of  cloud 
cover  and  sun  illumination.  Recent  studies  [l]-[5]  using  SAR 
data  have  been  shown  that  ERS-1,  JERS-1  SAR  and  SIR-C 
systems  are  useful  for  observing  soil  moisture  and  dynamics  of 
agriculture  crops  as  well  as  providing  land  cover  mapping  and 
area  estimation. 

The  objective  of  this  research  is  to  study  the  ability  of  ERS-1 
and  JERS-1  SAR  data  for  soil  moisture  and  land  cover 
classification.  For  this,  we  have  used  the  available  data  of 
JERS-1,  ERS-1  SAR  and  optical  data  of  Indian  Remote  Sensing 
(IRS-1)  satellite.  In  the  subsequent  sections,  study  area,  ground 
truth,  data  sources  and  results  and  discussions  are  given. 

0-7803-3068-4/96$5.00©1996  IEEE 


STUDY  AREA  AND  DATA  SOURCES 

The  study  area  for  the  analysis  of  three  sensor  data  is  located 
around  Rajahmundry  town  with  Latitude  17°.  1  and  Longitude 
8r.47 ,  Andhra  Pradesh,  India.  The  area  contains  wide  variety 
of  cover  types  such  as  reserved  forest,  plantation,  croplands 
(paddy,  sugarcane,  pulses),  barren  land,  urban  area,  hilly 
terrain  and  water  bodies.  Some  part  of  the  study  area  is 
inundated  with  water  in  rainy  season  and  later  used  for 
plantation  of  commercial  crops  such  as  tobacco,  chilly  and 
cotton  in  the  winter. 

The  details  on  data  acquisition  from  different  sensors  are 
given  in  Table  I. 

GROUND  TRUTH  DATA 

In  January,  many  fields  were  harvested  paddy  fields.  Some 
harvested  fields  were  used  for  growing  second  crops  such  as 
pulses  (green  and  black  gram)  and  sunhamp.  The  crops  were 
grown  and  fully  covered  the  soil  surface.  Some  harvested  area 
were  again  planted  with  paddy  and  it  was  grown  about  30  cm 
height.  Many  sugarcane  fields  were  closed  to  harvesting  stage 
and  some  fields  were  harvested.  Low-lying  water  logged  areas 
in  rainy  season  were  used  for  growing  commercial  crops  such 
as  tobacco,  chilly,  tomato  etc.  in  winter  season.  The  height  of 
the  tobacco  was  1.2  m  with  big  leaves  and  flowers.  Water 
content  in  a  single  leaf  was  42  grams.  Each  plant  had  for  about 
13  leaves.  Therefore,  the  tobacco  plant  with  leaves  and  stalk 
(diameter  2  cm)  may  have  highest  water  content  as  compared  to 
other  crops.  The  area  also  covers  mango,  cashew  plantation  and 
reserved  scrub  and  highly  grown  thick  forest.  The  soil 
moisture  in  many  crops  vary  from  5%  to  18%  of  weight  in 
January  1993. 
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Table  L  Different  sensors  and  their  data  on  different  dates 
used  for  the  analysis. 


Sensor 

Band 

Resolution 

Acqs.  Date 

JERS-l  SAR 

L-band 

18  m 

Jan.  22,  1993 

ERS-1  SAR 

C- band 

30  m 

Jan.  21,  1993 

(SAR) 

Dec.  17,  1992 

Feb.  25,  1993 

IRS-1 

2,3,4  bands 

36.25  m 

Jan.  2, 1993 

DATA  PROCESSING 

ERS-1  and  JERS-l  SAR  data  were  resampled  to  IRS-1  optical 
data  (36.25  m)  and  co-registered  all  the  images.  Different  color 
combinations  using  ERS-1,  JERS-l  SAR  and  IRS-1  data  were 
made  for  better  identifications  of  various  features.  Principal 
component  and  BUS  analysis  were  also  done.  Ground  truth  soil 
moisture  locations  were  identified  in  January  SAR  images  and 
average  digital  numbers  (DM)  of  3x3  window  were  taken. 


RESULTS  AND  DISCUSSIONS 

Fig.  1  shows  42  km  by  36  km  area  of  JERS-l,  ERS-1  SAR 
images  on  dififerent  dates.  From  comparison  of  JERS-l  and 
ERS-1  SAR  images  in  January,  it  is  observed  that  various 
features  can  easily  be  identified  in  JERS-l  SAR  imagery  as 
compared  to  that  of  ERS-1.  Paddy  fields  are  seen  as  dark  tone 
(extreme  lower  right  area)  in  ERS-1  imagery,  whereas  it  is 
bright  in  the  JERS-l.  This  can  be  attributed  to  the  larger 
incidence  angle  (35°)  of  JERS-l  as  compared  to  that  of  ERS-1 
(23°).  Just  above  paddy  area,  pulse  crop  is  seen  dark  tone  in 
JERS-l.  The  same  area  is  bright  in  ERS-1.  The  centre  of  the 
image  is  mango-cashew  plantation  which  can  be  seen  clearly  in 
JERS-l. 

Temporal  ERS-1  SAR  scenes  show  variations  in  brightness. 
Out  of  three  ERS-1  scenes,  Dec.  17  scene  is  very  bright  due  to 
cyclone  and  rainfall  in  this  month.  Maximum  tonal  variations 
is  observed  mainly  in  agricultural  areas  as  compared  to  highly 
grown  plantation  and  forest  areas.  In  February,  overall  imagery 
is  dark  due  to  dry  soil  conditions  in  this  month. 

Soil  Moisture  Analysis 

Ground  truth  soil  moisture  values  in  January  22  of  bare 
smooth,  medium  rough,  rough,  and  crop  fields  were  plotted 
against  backscattering  coefficient  (a°)  in  Figs.  2  and  3  for 
ERS-1  and  JERS-l  SAR  respectively.  DN  values  were 


converted  to  backscattering  values  using  available  calibration 
equations  [6], [7].  It  can  be  seen  from  Figs.  2  and  3  that  points 
related  to  tobacco  and  rough  fields  were  deviated  from  fitted 
line  obtained  with  smooth  bare,  medium  rough  and  sparce 
vegetation  fields.  Even  though  the  soil  moisture  in  tobacco 
fields  were  low,  its  ct°  values  were  high  due  to  high  vegetation 
water  content  in  tobacco.  High  correlation  is  observed  between 
ERS-1  cr°  and  soil  moisture.  However,  the  sensitivity  is  low  as 
compared  to  JERS-l  SAR.  Large  scattering  in  JERS-l  Plot  may 
be  attributed  to  the  restrictions  on  the  use  of  JERS-l  calibration 
equation. 

All  the  images  were  classified  individually  and  combinely 
using  supervised  maximum-likelihood  classifier  and  the 
classification  accuracy  is  given  in  Table  II.  The  classification 
accuracy  using  single  SAR  data  is  about  30%,  whereas  optical 
data  gives  67%.  Combinations  of  optical  and  microwave  data 
gives  a  small  increment  (10%)  in  classification  accuracy. 


CONCLUSIONS 

JERS-l  and  ERS-1  SAR  data  were  analysed  for  soil  moisture 
and  land  cover  classification.  Large  differences  in  the  tone  of 
image  were  observed  between  ERS-1  and  JERS-l  for  paddy  and 
pulses.  Correlation  between  ct°  and  soil  moisture  is  higher  for 
ERS-1  as  compared  to  JERS-l.  The  relations  are  to  be  verified 
using  more  ground  truth  data  points.  Temporal  variations  in 
ERS-1  SAR  data  using  three  scenes  show  that  the  sensor  is 
suitable  for  soil  moisture  monitoring.  As  the  classification 
accuracy  is  very  poor  using  SAR  data  and  supervised 
maximum-likelihood  classifier,  new  techniques  based  on 
texture  and  neural  networks  can  be  applied. 
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Table  II.  Classification  accuracy  of  different  features  using 
various  combinations  of  sensor  systems. 


Sensors  JERS 

ERS 

ERS+ 

TempJ 

T.ERS 

IRS 

B4j 

B432 

Total 

Classes 

TERS 

ERsj 

+JERS 

B432 

E&J 

pixels 

Settlement  59.8 

88.6 

92.8 

93.8 

99.0 

55.7 

97.9 

100.0 

92 

Tobacco 

51.4 

71.4 

71.4 

97.1 

97.1 

100.0 

100.0 

100.0 

35 

Pulses 

49.4 

57.1 

63.3 

59.2 

65.3 

83.7 

75.5 

87.8 

49 

Paddy 

0.0 

5.0 

79.3 

91.4 

67.9 

99.3 

72.9 

100.0 

140 

Fallow 

0.0 

2.8 

44.4 

38.9 

68.1 

100.0 

100.0 

100.0 

72 

R.  forest 

0.0 

3.8 

3.9 

0.0 

18.2 

63.6 

68.8 

84.4 

77 

Mango 

52.1 

2.0 

47.9 

20.8 

45.8 

41.7 

43.7 

37.5 

48 

Tapioka 

47.7 

0.0 

25.0 

9.1 

2.0 

27.3 

43.2 

20.5 

44 

Water 

27.2 

14.9 

43.9 

85.1 

86.0 

17.5 

97.4 

57.9 

114 

Sugarcane  15.6  62.2 

55.6 

66.7 

77.8 

48.9 

88.9 

77.8 

45 

Sand 

64.2 

0.0 

0.0 

1.2 

4.9 

100.0 

7.4 

100.0 

81 

Overall 

33.4 

30.0 

48.0 

51.2 

57.5 

67.1 

72.3 

78.7 

Temp.  -  Temporal;  B-bands;  E-ERS-T,  J-JERS-1 

ERS-1  SAR  ERS-1  SAR 


Dec.  17,  1992  Feb.  25,  1992 


Fig.  1,  JERS-1  and  ERS-1  SAR  images  of  an  area  42  km  by  36  km  acquired  on  different  dates. 


Fig.  2.  Backscattering  coefficient  )  versus  soil  moisture  for  (a)  ERS-1  SAR  and  (b)  JERS-1  SAR  data 
in  January. 
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Abstract  -  Radar  remote  sensing  of  soil  moisture  has  been 
demonstrated  in  croplands  and  rangelands.  We  are  interested 
in  synoptic  estimates  of  soil  moisture  to  aid  long  term 
ecological  investigation  of  tallgrass  prairie  and  have  initiated 
a  three  year  study  to  develop  this  technology.  Our  study  area, 
Konza  Prairie  Research  Natural  Area  (KPRNA),  exhibits  a 
variety  of  factors  to  complicate  soil  moisture  estimation  via 
synthetic  aperture  radar  (SAR)  including  significant  terrain 
variation,  heterogeneous  soil  types  and  depths,  and  watershed- 
level  experimental  treatments  including  prescribed  burning, 
grazing  by  large  ungulates,  and  water  supplementation. 
Several  indicators  of  the  moisture  status  of  soil-water- 
vegetation  continuum  were  gathered  during  the  1995  growing 
season  including  soil  moisture  via  neutron  probe  and  TDR, 
xylem  pressure  potential  values,  and  aboveground  biomass 
(wet  and  dry  weights).  Due  to  orbital  track  overlap,  eleven 
ERS-1  SAR  images  of  KPRNA  were  acquired  from  mid-April 
to  early  October.  Spring  through  mid-summer  were  unusually 
cool  and  wet,  thereby  delaying  phenological  development  and 
attenuating  the  water  stress  typical  of  the  later  growing  season. 
Backscattering  values  show  some  consistent  agreement  with 
ground  data.  Watersheds  burned  in  April  showed  markedly 
higher  backscattering  at  the  end  of  the  growing  season  due  to 
a  lack  of  litter  layer  from  previous  seasons’  growth.  Grazed 
units  that  were  also  burned  showed  the  highest  backscattering 
caused  by  no  litter  layer  and  more  exposed  soil. 

INTRODUCTION 

In  a  recent  review  of  microwave  remote  sensing  of  soil 
moisture,  [1]  lists  key  questions  for  future  research  including 
how  the  vegetation  canopy  affects  backscattering  as  a  function 
of  plant  and  canopy  geometry,  water  content,  and  growth 


stage.  Previous  scatterometer  work  at  Konza  Prairie  has 
shown  significant  correlations  between  moisture  in  canopy  and 
soil  and  backscattering  from  C-band  illumination  with  HH- 
polarization,  even  at  moderate  (30*‘)  to  high  (45^’)  incidence 
angles  [2-4].  These  relationships  result  from  an  increasing 
contribution  of  volume  and  surface-volume  components  to 
scattering  [5]  and  from  an  attenuation  of  terrain  slope 
modulation  [2,4].  Further  research  on  effect  of  accumulated 
litter  layer  on  microwave  backscattering  and  on  the 
relationship  between  terrestrial  slope  variation  and  microwave 
backscatter  was  urged  by  [4].  We  report  here  initial  results  of 
a  project  at  Konza  Prairie  Research  Natural  Area  to  develop 
SAR-based  soil  moisture  estimation  techniques  for  ecological 
applications  in  a  heterogeneous  natural  landscape. 

METHODS 

We  obtained  eleven  ERS-1  SAR  scenes  during  the  1995 
growing  season:  (4/14,  5/3,  5/19,  6/7,  6/23,  7/12,  7/28,  8/16, 
9/1,  9/20,  10/6).  The  data  were  processed  by  OCRS  into 
Multi-Look  Detected  (MLD)  format.  The  nominal  spatial 
resolution  is  25m  with  a  pixel  spacing  of  12.5m.  The  ERS-1 
SAR  instrument  operates  at  C-band  (5.3GHz;  5.6cm 
wavelength)  with  VV  polarization  and  23^’  incidence  angle.  A 
10x10  pixel  region  within  each  of  two  well  studied 
watersheds,  OOID  and  020B,  was  selected  for  sampling  of  the 
SAR  digital  counts.  These  areas  were  selected  to  avoid  slopes 
with  easterly  aspects.  Means  and  extremes  were  calculated: 
only  means  are  reported  but  extremes  exhibited  the  same 
seasonal  dynamics. 

During  the  1995  growing  season,  soil  moisture  was 
monitored  using  neutron-probe  (at  25cm  and  50cm  in 
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lowlands  only)  and  TDR  (at  1 5cm  in  upland  and  lowlands; 
30cm  in  lowlands  only).  Canopy  moisture  status  was 
monitored  by  xylem  pressure  potential  (XPP)  using  a 
Scholander-type  pressure  chamber  at  both  upland  and  lowland 
sites.  Biomass  data  were  also  collected.  It  is  not  possible  to 
present  here  either  the  TDR  or  the  biomass  data. 

RESULTS 

The  seasonal  course  of  canopy  moisture  (as  XPP)  and  soil 
moisture  (as  percent  of  field  capacity)  is  expressed  in  terms  of 
growing  degree  days  (GDD),  an  accurate  bioclimatological 
time  variable,  for  watersheds  00 ID  (Fig.l)  and  020B  (Fig  2). 
The  former  is  burned  annually  in  spring  (4/18  in  1995)  while 
the  latter  watershed  is  on  20-year  burn  rotation  (but  was  last 
burned  4/5/91  during  a  wildfire).  Note  the  discrepancy 
between  XPP  and  soil  moisture  at  25cm  and  50cm  during  the 
early  to  middle  growing  season  (1500-2300  ODD).  The 
canopy  was  almost  fully  developed  by  GDD  2300.  The  XPP 
curves  are  not  significantly  different  either  by  landscape 
position  or  burning  treatment.  This  lack  of  effect  was  atypical 
and  was  caused  by  an  unusually  cool,  wet  spring  and  early 
summer,  which  delayed  phenology  and  attenuated  the  water 
stress  common  in  the  later  growing  season.  The  average 
annual  precipitation  of  835  mm  was  reached  by  8/16  and 
GDD  3000.  Heavy  precipitation  near  GDD  4000  reduced 
XPP  and  replenished  soil  moisture  stores. 

A  few  caveats  on  the  backscattering  data  are  in  order. 
These  ERS-1  data  were  not  calibrated  and  no  terrain 
corrections  were  performed.  Slope  and  aspect  effects  on 
backscattering  are  twofold  at  KPRNA:  the  direct  effects  on 
sensor-target  geometry  and  the  indirect  effects  on  vegetation 
status  and  stature.  We  are  in  the  process  of  using 
interferometric  techniques  to  construct  a  high  resolution  DEM 
from  ERS  Tandem  data  that  should  improve  considerably  on 
the  current  USGS  30m  DEM.  Untangling  the  effects  of 
terrain  and  subpixel  variability  on  soil  moisture  estimation  is 
mentioned  in  [1]  as  an  important  area  for  future  research. 

The  temporal  sequence  of  mean  digital  numbers  of  C-band 
backscattering  shows  differences  between  watersheds  and  the 
associations  with  soil  moisture  (Figs.  3&4)  and  canopy 
moisture  status  (Figs.  5&6).  There  is  more  apparent  dynamic 
range  in  backscattering  during  the  growing  season  in  the 
burned  watershed.  This  accords  with  the  observations  of  [2-4] 
but  the  relative  difference  might  have  been  attenuated  by  the 
wetter  than  normal  conditions. 

Note  the  minimum  values  in  each  watershed  occur  at  mid¬ 
season,  just  before  GDD  2300,  and  that  they  appear  better 
correlated  with  XPP  than  the  soil  moisture  data.  That  the 
backscattering  is  not  well  correlated  with  relatively  deep  soil 


moisture  is  not  surprising.  The  early  to  middle  season 
association  with  XPP,  however,  is  intriguing.  To  what  extent 
is  this  related  to  the  developing  canopy?  Why  does  this 
association  appear  to  weaken  later  in  the  growing  season 
(GDD  >  2300)?  Is  this  an  artifact  of  a  wet  year?  As  we 
collect  additional  data  during  the  next  two  growing  seasons, 
we  hope  to  be  able  to  answer  these  questions. 

Finally,  and  on  a  broader  scale,  the  effects  of  management 
practices  (grazing  and  burning)  were  clearly  evident  in  the 
SAR  image  time  series.  Time  since  last  burn  is  an  important 
parameter  since  a  litter  layer  accumulates  in  the  absence  of 
fire  [6].  The  litter  layer  changes  the  microclimate  and  directly 
affects  backscattering  [2-4].  Over  a  period  of  just  a  few 
years,  significant  changes  in  species  composition  can  occur, 
including  the  invasion  of  woody  species.  Watersheds  burned 
in  April  1995  showed  markedly  higher  backscattering  at  the 
end  of  the  growing  season  (9/20  image)  due  to  a  lack  of  litter 
layer  (data  not  shown).  Grazed  units  that  were  also  burned 
showed  very  high  backscattering  on  the  9/20  image,  due  to  a 
lack  of  litter  layer  combined  ith  the  spatially  heterogeneous 
mosaic  of  live  canopy  and  exposed  soil  that  characterizes 
grazed  landscapes. 
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ABSTRACT 

Arctic  tundra  is  a  significant  source  of  atmospheric 
methane.  The  size  of  this  source  and  its  variation  across 
landscapes,  however,  is  uncertain.  Images  representing 
environmental  variables  relevant  to  methane  emission  have 
been  derived  from  satellite  data  and  a  digital  elevation  model. 
Multivariate  functions  relating  these  environmental  variables 
to  methane  emission  have  been  derived  from  field  data.^  "nie 
images  will  be  combined  using  these  functions  into  a  digital 
map  of  methane  emission  rates  within  the  study  area.  The 
map  will  be  used  to  spatially  extrapolate  seasonally 
integrated  methane  emission  values  for  several  vegetation 
types  typical  of  the  study  area.  The  resulting  map  of  seasonal 
methane  emission  will  incorporate  both  spatial  and  temporal 
variation  in  more  detail  than  previous  emission  estimates. 

INTRODUCTION 

Ice  core  data  indicate  that  atmospheric  methane 
concentration  has  more  than  doubled  in  the  last  200  years, 
after  varying  by  less  than  30%  during  the  previous  10,000 
years  [1,  2].  During  the  past  decade,  however,  this  rate  of 
increase  has  declined  [3].  Neither  the  cause  of  the  increase 
nor  the  cause  of  its  recent  decline  are  well  understood. 

Long-wave  radiation  emitted  by  the  earth  is  absorbed  by 
greenhouse  gases,  such  as  methane,  and  re-emitted  to  the 
atmosphere  rather  than  escaping  to  space.  Concentrations  of 
the  various  greenhouse  gases  largely  determine  the  earth's 
surface  temperature.  Thus,  continued  increases  in 
atmospheric  methane  and  other  greenhouse  gases  such  as 
CO2  are  expected  to  result  in  global  warming  [4,  5].  More 
information  about  sources  and  sinks  of  atmospheric  methane 
is  needed,  however,  to  understand  the  recent  trends  in 
atmospheric  methane  concentration  and  to  predict  future 
concentrations  and  consequent  surface  temperatures  of  the 
earth. 

Methane  is  a  greenhouse  gas  generated  by 
microorganisms  living  in  anaerobic  environments.  High 
latitude  wetlands  are  significant  sources  of  atmospheric 
methane  because  organisms  that  produce  methane  live  in 
their  waterlogged  soils.  Current  global  estimates  of  methane 
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emission  from  arctic  tundra  range  from  11  to  60  Tg/year, 
which  is  2  to  18%  of  the  total  global  emission  [6, 7,  8].  The 
large  range  in  these  estimates  is  due  to  an  incomplete 
understanding  of  the  environmental  factors  controlling 
methane  emission,  the  large  variability  in  methane  emission 
in  space  and  time,  and  the  lack  of  sufficient  emission 
measurements  to  capture  this  variability  [e.g.,  9,  10,  11,  12, 
13, 14, 15].  Further  investigation  of  methane  emission  from 
arctic  tundra  is  needed  to  more  accurately  estimate  the  size  of 
the  methane  source  from  global  tundra. 

Past  estimates  of  global  tundra  methane  emission  have 
been  derived  by  multiplying  the  average  methane  emission 
measured  at  arctic  tundra  field  locations  by  the  area  of  the 
globe  estimated  to  be  covered  by  tundra  [e.g.,  16,  17.  18]. 
These  studies  use  different  strategies  to  account  for  spatial  or 
temporal  variation  in  methane  emission  rates  within  arctic 
tundra.  To  calculate  a  seasonal  emission  estimate,  these 
global  emission  rates  are  then  multiplied  by  the  length  of  the 
thaw  season.  However,  methane  emission  in  arctic  tundra 
varies  significantly  over  a  thaw  season  [16,  17,  18].  W. 
Reeburgh  at  the  University  of  California  at  I^ine  is  currently 
addressing  this  question  of  temporal  variation  in  tundra 
methane  emission  by  collecting  seasonally  integrated 
methane  emission  data  in  several  tundra  types  ne^  Toolik 
Lake,  in  arctic  Alaska.  Reeburgh  chose  sampling  sites 
typical  of  large  areas  of  the  Kuparuk  River  basin.  These  sites 
are  located  in  areas  with  high,  medium,  and  low  emission 
rates.  To  extrapolate  local  methane  emission  data  to 
landscape  or  regional  scales,  data  quantifying  the  spatial  and 
temporal  variation  in  methane  emission  rates  must  be 
acquired  and  considered. 

A  MAP  OF  METHANE  EMISSION  FROM  THE  STUDY 
AREA 

The  overall  objective  of  this  project  is  to  derive  for  an 
arctic  tundra  landscape  a  digital  methane  emission  map  that 
uses  the  most  accurate  data  available  regarding  temporal  and 
spatial  variation  in  emission.  This  methane  emission  map 
will  be  derived  using  images  representing  relevant 
environmental  variables.  The  images  will  be  combined  using 
discriminant  functions  derived  from  field  measurements  of 
these  environmental  variables  and  methane  emission  rates. 
The  resulting  map  will  represent  emission  at  one  point  in 
time.  It  will  subsequently  be  used  to  spatially  extrapolate 
field  measurements,  collected  by  W.  Reeburgh,  of  total 
methane  emission  from  a  whole  growing  season.  This  m^ 
of  seasonal  methane  emission  rates  will  be  used  to  estimate 
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the  total  yearly  value  of  methane  emitted  to  the  atmosphere 
from  the  study  area. 

STUDY  AREA 

The  study  area  for  this  project  is  in  the  Kuparuk  River 
watershed  in  the  northern  foothills  of  the  Brooks  Range  in 
arcdc  Alaska.  It  includes  Toolik  Lake,  which  is  the  site  of  a 
research  station  operated  by  the  Institute  for  Arctic  Biology  at 
the  University  of  Alaska  in  Fairbanks.  The  vegetation 
includes  tussock  tundra,  riparian  shrublands,  wet  sedge 
meadows  and  upland  heath  communities.  It  is  broadly 
representative  of  a  much  larger  area  of  Alaskan  arctic  tundra. 

IMAGES  OF  ENVIRONMENTAL  VARIABLES 

A  SPOT  (Systeme  pour  I'Observation  de  la  Terre)  image 
was  used  to  calculate  an  image  of  the  normalized  difference 
vegetation  index  (NDVI)  for  the  study  area.  A  vegetation 
biomass  image  was  derived  from  this  NDVI  image  using  an 
empirical  relationship  between  field  measurements  of  NDVI 
and  aboveground  vegetation  biomass  [19].  Field  spectra 
were  collected  using  a  Personal  Spectrometer  II  (Analytical 
Spectral  Devices,  Boulder,  CO).  Systematic  differences 
between  field  and  image  NDVI  were  accounted  for  using  an 
empirical  relationship  determined  for  broad  vegetation 
categories  [19].  The  areas  of  different  vegetation  categories 
were  identified  in  the  image  using  a  vegetation  map  of  the 
study  area  [20]. 

A  soil  moisture  image  was  derived  from  an  ERS-1 
(European  Remote-Sensing  Satellite  1)  synthetic  aperture 
radar  (SAR)  image  for  August  28,  1994,  using  an  empirical 
relationship  developed  by  Doug  Kane  and  others  at  the 
University  of  Alaska  between  the  SAR  signal  and  soil 
moisture  measured  in  the  field: 


cumulative  net  solar  radiation  over  a  growing  season  and  soil 
temperature  will  be  determined  in  the  field  during  the 
summer  of  1996.  If  significant,  this  relationship  will  be  used 
to  derive  a  soil  temperature  image  from  the  net  solar  radiation 
image. 

AN  ALGORITHM  FOR  COMBINING  ENVIRONMENTAL 
VARIABLES 

Soil  moisture,  soil  temperature,  soil  pH,  aspect,  slope,  and 
aboveground  vegetation  biomass  were  measured  at  62  points 
in  the  field  for  this  study.  Discriminant  analysis  using  all 
data  points  resulted  in  functions  that  accurately  predict 
meth^e  emission  rate  classes  for  88%  of  the  sampling  points 
(Table  1).  When  data  are  separated  into  two  groups,  with  one 
group  including  sites  that  were  inundated  with  water  at  the 
time  of  measurement,  and  one  group  including  sites  that  were 
not,  and  separate  discriminant  functions  derived  for  these  two 
groups,  emission  categories  for  92%  of  the  sampling  points 
are  correctly  predicted  (Table  1).  These  functions  require 
only  soil  moisture  and  soil  temperature  values.  Biomass  data 
have  not  yet  been  considered  in  this  analysis.  Emission  rate 
classes  used  are  low  (less  than  19  mg/m^/day),  medium  (19 
to  60  mg/m^/day)  and  high  (greater  than  60  mg/m^/day). 

CONCLUSIONS 

Equations  that  accurately  predict  methane  emission  rates 
from  environmental  conditions  in  the  study  area  have  been 
derived  from  field  data.  Images  representing  relevant 
environmental  variables  at  the  peak  of  the  growing  season 
have  been  generated.  These  images  will  be  combined  using 
the  equations  that  predict  emission  rates  to  derive  a  digital 
map  of  methane  emission  rates  in  the  study  area.  This  map 
will  be  used  to  extrapolate  field  measurements  of  seasonal 
methane  emission. 


Vpixel=1.17*M+115  r2  =  0.50 

where  Vpixei  is  the  value  from  a  pixel  in  the  SAR  image,  and 
M  is  the  volumetric  soil  moisture  [21].  Before  this  equation 
was  applied  to  the  ERS-1  image  values,  geometric  and 
radiometric  (incidence  angle)  corrections  were  applied. 

To  derive  information  about  the  spatial  distribution  of 
standing  water  in  the  study  area,  spectral  mixture  analysis 
was  performed  on  the  SPOT  multispectral  image.  The  dark 
endmember  in  this  analysis  is  interpreted  to  correspond  to 
standing  water,  topographic  shade,  and  shadows  within 
vegetation.  A  correction  utilizing  information  from  the 
biomass  image  was  applied  to  minimize  the  contribution  of 
shadows  within  vegetation.  Additional  corrections  were 
applied  to  minimize  the  effects  of  topographic  shade. 


Table  1.  Discriminant  functions  for  the  three  emission  rate 
classes.  M=volumetric  soil  moisture  (%),  T=soil  temperature 
(®Q  at  14  cm  depth. 


All  data 

low  -9.61  +  21 .94*M  +  1.53*T 

med.  -19.93 +  30.00*M  +  2.20*T 

high  -19.74  +  31.37*M  +  1.95*T 


Inundated 

low  -21.43  +  45.57*M  -  1.50*T 

med.  -13.59  +  27.98*M  +  0.38*T 

high  -18.96  +  43.08*M  -  0.93*T 


Not  inundated 

low  -14.41  +  33.76*M  +  2.42*T 

med.  -28.98  +  46.01*M  +  3.33*T 

high  -10.39  +  23.37*M  +  1.52*T 


An  image  of  cumulative  net  solar  radiation  late  in  the 
growing  season  will  be  derived  from  a  digital  elevation 
model  of  the  study  area.  The  relationship  between 
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The  problem  of  t.Fie  influence  of 
t  l  -i  e  p  a  r  a  m  e  t  e  r  s  o  F  u  n  d  e  r  1  y  i  n  g 

cover  on  its  scattering  properties 
is  of  a  great  interest  of 
i  n  V  e  s  t  i  g  a  t  o  i"  s .  M  o  s  t  o  1 "  a  1 1  t  h  :i,  s> 
i  s  d  u  e  t  D  t  h  e  p  o  s  s  i  b  i  1  i  t  y  o  'f  ■ 
r  e  c  e  i  v  e  i  n  g  a  g  r  e  a  t  e  c  o  n  o  m  i  c 
b  o;;;  n  e  f  i  t  in  i"  I  "i  e  c  a  s  e  o  f  t  r  i.i.  1  y 
estimation  and  prediction  of  the 
s  t  a  t  e  o  f  V  e  g  e  t  a  t  i  o  n  c  o  v  e  r  s , 
t  h  r  oug  ht  t  F"i  e  y  a  r  e  a  g  r  i  c  u  1 1  u  r  a  1 
crops  or  other  kinds  of 
vegetation.  TF'ie  known  tt'ieoret  ical 
rn  c)  d  e  1  s  s  o  rn  e  t  i  m  e  s  d  o  ri  o  t  g  i  v  e  a 
B  u  t  i  5  f  a  c  t  o  r  y  c  o  i  n  c  i  d  e  n  c  e  w  i  t  li 
experimental  results.  It  may  be 
explained  by  the  variety  of  kinds 
of  eartF'i  covers,  by  different 
a  i;:)  p  r  o  a  c  h  e  s  i  n  d  e  v  e  1  o  p  m  e  n  t  c:  f ' 

t  !  "i  e  o  r  e  t  i  c  a  1  m  o  d  e  ],  s ,  l~i  y 

distinctions  of  met  bodies  of 
r  e  c  e  i  v  e  i  n  g  a  n  e  x  p  e  r  i  m  e  n  t  a  1  d  a  t  a 
a  n  cl  f  o  r  m  i  1 1  i  m  e  t  e  r  a  ri  d 

submillimeter  waves  -•  by  a  small 
quantity  of  experimental  datax. 

In  proposed  paper  the  cxnss  lysis 
of  influence  of  the  parameters  of 
u  n  d  e  r  1  y  i  n  g  c  o  v  e  r ,  s  u  c  h  a  s- 

v  e  g  e  t  a  t  i  o  n  w  a  t  e  r  c  o  r'l  t  e  n  t  an  d 

water  content  of  the  upper  layer 
o  'F  s  o  i  1 ,  o  n  s  c  a  t  Iv.  e  i-  i  n  g  o  f  • 

(n i  1 1  i m e t e r  w a v e s  is  g i v e n . 

V  e  g  e  t  a  t  :i.  o  n  C  a  n  o  p  y  kl  o  del. 

A  t  p  r  e  s  e  n  t  m  a  n  y  d  i  f  f  e  i"'  e  n  t  m  o  d  e  1.  s 
of  vegetaticjn  canopy  are  used.  To 
our  opinion,  in  some  cases,  one  of 
the  most  convinient  is  tlie  "clcjud" 
model  of  vegetcation  canopy  Till.  A 
great  advantage  of  this  model 
consists  in  its  sufficient 
simplicity  and  pl'T/sical  base,  and 
at  the  same  time  in  quite  enough 
a  c  c  u  r  a  c  y  o  f  •  e  s  t  i  rn  a  t  i  o  n  an  d 


prediction  the  real  values  of 
b  a  c  k  s  c  a  1 1  e  r  i  n  g  c  a  e  f  F  i  c  i  e  t  s  a  f 
d  i  f  f  e  r  e  n  1:  v  e  g  e  t  a  t  i  o  n  c  o  v  e  r  s .  A 
detailed  description  of  the  model 
i  B  g  i  V  e  n  i  n  C  2  ] .  A  c  c  o  r  d  i  n  g  t  a 
this  model 


(&)  =  (0)  4  o-""  ,  (0)  = 

can  veg  sotl 

=  f  ( M )  Cos0 c  1  (&)  :i  +r^  <&)  m  . 

£  S 


(  1  ) 


where  (O)  ~  is  the 

veg 

c o n t  r  i  t  ion  of  v e g e t  a t  i  o n  v o  1  u m e ; 
(&)  -  i s  t h e  b a c k s c a 1 1 e r  i  n q 

scat 

(:::  o  n  1 1-**  i !::)  u  t  i  c:)  r"i  o  -f  t  h  e  Cj  i  1  i-p  ix  i-"  -f •  a  c  e 
;i,  p  r"  e  e  n  c:  e  o  -f  v  0  g  e  t  a  t  i  o  n  c:  e  v  e  r  ;; 

9  .  i  sii  a  n  g  1  e  o  -f  i  ri  c  i.  c:!  e  n  c::  e  r  e !!.  a  t  i  v  e 

to  nadi  r ;; 

•f  •  ( N )  -  O’  /2k  :L  s  t  h  e  f  u  n  c::  t  i  cd  n  , 

V  & 

depends  from  the  density  of  the 
cover  (the  quantity  of  thes 
p a r t  i  c  1  e s  N  i  n  a  v o  1  u m e  u n  i  t )  ,  an d 
from  the  sise,  shape  and 

or  i  ent  at  i  on d i  st  i"  i  but  i  on  c)f'  t  he 

part ic 1 es; 

canopy  volume  backscatter  i  ng 

coefficient  (m  :i  ^ 

k  -  e  t  i  n  c  t  i  o  n  c  o  e  f  f  i  c  i  e  n  t  ( m  )  ; 

& 

<.&)  ■■■■  exp  (-2k  h  Sec0)  -  is  the 

two . way  transmittance  of  the 

canopy  <rn  /m  )  ; 

h)  c:  a  n  o  p  y  h  e  i  g  !*■)  i:  ( nf^ )  5 

( 9 )  i  s  a  c  o  n  s  t  a  n  t  f  •  □  r  a  (:;i  i  v  e  n 

s 

w  a  v  e  1  e  n  g  t  h  and  p  o  1  a  r  i  a  t  i  o  n 

c  o  n  f  i  g  u  rati  o  n ,  a  ri  d  s  o  i  1  s  s  u  r  f  a  c  e 
roughness; 

m  ■••••  is  a  soil  moisture  content. 
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Description  of  Experiments. 

Detailed  d  e  s  c  r  i  fi)  t  i  o  n  o  f 

measurement  equipment  and 

technique  is  give?n  in  113  3.  But 
according  to  conducted 

measurements  1133,  C43  this  time  as 

a  control  parameters  of  vegetation 
c  o  V  e  r  w  a  t  e  r  c  o  n  t  e  n  t  of  v  e  g  e  t  a  t  i  o  n , 
the  quantity  of  dry  biomass,  soil 
water  content  were  chosen.  A  35GHc 
ground-based  scatterometer  was 
used  to  measure  at  vertical 

polar  i  cat  ion,,  angle  of  incidence 
of  40  degrees,,  one  time  a  day  in 
t  h  e  nt  o  r  n  i  n  g ,  f  i  v  e  t  i  m  e  sii,  a  w  e  b  k .  I  n 
order  to  determine  water  contents 
t  h  e  samples  o  F  v  e  g  e  t  a  t ion  a  n  d  s o i 1 
were  taken  twice  a  week.  It"s 
explained  by  restricted  sices  of 
investigated  area,  covered  with 
vegetation.  For  determination  the 
vegetation  water  content  plants  at 
five  randomly  located  sites,  each 
with  a  square  of  Idrn^,  were  cut  at 
g  I  ■"  o  u  n  d  1  e  v  e  1  a  n  d  c  r  e  f  u  1 1  y  p  1  a  c  e  d 
in  plastics  bags  to  avoid  losing 
any  internal  or  surface  water. 
These  samples  wesre  anal  iced 
g  r  a  V  i  met  r  i  c  a  1 1  y  'Fo  r  t  ot  a  1  pi  a  nt 
moisture.  Then  the  averaged  value 
of  water  content  wais  calculated. 
Similarly,  the  values  of  soil 
moisture  were  determined  and 
a  V  e  r  a  g  e  d  value  w  a  s  c  a  1  c  la  1  a  t  e  cl . 

R  e  s  u  1 1  s  o  f  E  X  p  e  r  i  m  e  n  t  s . 

A  c  c  o  r  d i n g  t  o  d e s c  r i b e  d  model  w  e 
may  write  that 

(0)  =  (0)  +  a’  ,,  (0)  , 

can  veg  solI 


although  at  angles  of  incidence 
0  2  4  0^,  i  n  t  h  e  c  a  s  e  s  of  r  a  t  h  e  r 
thick  covers,  we  may  asssume  that 


O 

veg 


o 

»  <y  . ,  H 
sotL 


a  n  d  t  h  e  i  n  f  1  u  e  n  c  e  o  f  t  l"'i  e  s  o  i  1  i  s 
rather  nejgligible.  But  in  1994  at 
the  investigated  area  the  grass- 
cover  was  rather  thin,  and  even 
visually  it  was  determined  the 


transparance  of  the  cc;ver  and  the 
influence  of  the  soil  on 
taackscatter ing  signal. 

In  practice  sometimes,  it’s  very 
difficult  to  define  exactly  some 
parameters  of  the  cover,  i.e.  &  , 


and  C  ,  so  the  formula  H. ) 


V 

is 


k 

S 

not  convinient  enough.  So,  assume 
that  and  are  given  in 

veg  sovL 

t  he  f G 1 1 GW i ng  fo r  ms 


c/  k.  (  1  "■■‘G 

veg 


./3A 


(2)  , 


,  =  Me 

soil 


•T5A 


(3) 


where  A(g/dm^)  .  is  the?  water 

content  of  the  canopy  per  unit 
B.  r  G  B  ti 

This  assumption  is  based  ojx^the 
s  LA  p  p  o  B  i  t  i  o  n  t  h  a  t  p  a^  -  a  m  e  t  e  r  e  i  s 
proportional  to  r  ? 
t  D  t  h  e  F  LA  notion  f  ( N ) 


to 


rn  ; 

S  S 


.  e « 


factor  K 
and  factor  M 
the  main  i  ri  f  1  la  e  n  c  e 


on  backscatter i ng  of  the  cover  is 
made  by  the  water  contents  of 
vegetation  and  soil  (duririg  the 
investigations  upon  one  site  of 
the  landscape  the  surface  geometry 
is  practically  constant).  The 
angular  dependence  we  will  miss, 
because  we  examine  the  received 
e  X  p  e  r  i  me  nt  a  1  dep  e  n  de  nc  ^  at  f  i  x  e  d 
angle  of  incidence  0“-4u  ,  although 
this  angular  dependence  in  general 
may  be  taken  into  account - 

Let  examine  the  coefficients  k. 
and  M  in  detailes.  We  may  rename 
them  as  a  weight  factors  arid 
express  in  the  forms 


ke 


cA 


(4) 


M 


me 


dW 


(5) 


where  c,  d,  k  and  m  —  CAonstants, 

W  so  i  1  mo  i  s t u r  e . 

The  reascins  of  B'uch  selection 
are  aiii  'f'Ol  lows. 

1 )  for  our  op  ini  on  f  unc  t  i  on  f  ( N ) 
depends  not  only  upon  the  factors 
noted  in  1123 ,  but  also  on  water 
,^73  content  of  the  cover  A,  since  at 


were  taken.  So,  the  defined  values 
of  coefficients  are  as  follov-is: 


c  0 ,  d  =■=  0 . 5 1,  k  0 . 5 ,, 

m  5/10®,  ft  1/3. 

The  correlation  coefficient 
between  calculated  accor  di  ncg 
formula  (6)  ct°  and  experimental 

can 

i  5  0 . 7 6 .  F i a  « 1  pres e  n t  s  t  h  e 

can 

received  experimental  <y  (1)  and 
calculated  (2)  dependences 

can 

and  also  calculated  <3)  and 

veg 

.,(4).  On  X-axis  the 

experiment  daiys  numbers  are 
plotted,  and  on  Y-axis  --  relative 
values  of  o'  . 


Fig.1 


smal  1 


val  Lies 


p  r  o  p  o  r  t  i  o  n  a  1  t  o  A  5 

2)  the  technique  of  the 
measurements  gives  more 

r  e  1  i  a  b  i  1  i  t  y  -f  c:)  r  b  i  g  d  e  v  i  a  t  i  o  n  o  1- 
investigated  parameter,  but  not 
for  smail  ones,  which  are  compared 
with  the  error  of  measurements, 
and  the  expone5ntial  function 
e  m  p  h  a  s  i  e  s  h  e  b  i  g  c  h  a  n  g  e  s  o  -F 
investigated  parameters,  but  the 
s  rn  a  11  f  1  u  c  t  u  a  t  i  o  n  s ,  w  f  "i  i  c  h  are  1 1’")  e 
result  of  receiver  noise, 
small  errors  of  experiments  -  *10  a 
lesser  extent.  So,  we  may  writes 


O'  a  +  a 

can  veg  soli 


cA,,  --/JA.  ,  dW  -/5A  ... 

j  ( 1  --e  )  +  me  e  ,  ( o ) 


E  ;•!  p  r  e  s  s  i  D  n  ( 6 )  in  c  1  u  d  e  s  t  w  o 
ihysical  parameters  and  five 
::  o  e  f  f  i  c  i  e  n  t  s  ■••••  c ,  d ,  k ,  m  a  n  d  (3 .  T  hi  e  i  r 
.'alues  were  defined  using  the 

.east . squares  technique,  as  a 

I'"  i  t  e  r  i  o  n  .  t  h  e  m  i  n  i  m  u  m  o  f 

livergence  of  averaged  values  and 
laximum  of  correlation  between 
leasured  and  calculated  values 


So,  conducted  exper imental 
measurements  confirm  the  using  of 
"cloud"  model  for  some  kinds  of 
covers,  for  example  for  grass 
cover . 
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ABSTRACT 

Some  results  of  experimental  testing  of  fire  risk  by 
means  of  passive  microwave  and  infrared  remote  sensing 
methods  in  the  forests  of  Moscow  region  are  presented.  Used 
equipment,  procedure  of  measurements,  some  results  of 
processing  are  described.  The  intercorrelation  between 
natural  fire  risk  and  remotely  obtained  data  is  studied.  It  is 
shown,  that  passive  microwave  and  infrared  remote  sensing 
methods  can  be  used  for  the  classification  of  forest  slate. 

INTRODUCTION 

Remote  sensing  (RS)  methods  (from  the  board  of 
satellites,  aircrafts,  etc.)  played  now  very  important  role  in 
forest  state  monitoring,  give  possibility  of  its  seasonal  and 
year  dynamics  study.  Now  optical  and  infrared  RS  means  are 
used  for  solving  of  different  forest  problems,  for  example, 
illnesses,  fire  detection,  degradation  after  fire,  etc.[l] 

It  was  shown  theoretically  and  by  experiments,  that 
radiophysical  methods  are  very  effective  for  ‘'soil  -  canopy 
system”  study  [2,  3]. 

The  screen  influence  of  the  forest  cover  on  the  RS 
determination  of  soil  moisture  in  the  forests,  relationships 
between  microwave  radiation  and  number  of  forest 
parameters,  statistics  of  forest  radiation  in  different 
waveranges  from  the  fire  risk  determination  point  of  view 
were  studied  [4,  5]. 

The  experiments  on  fire  risk  determination  were 
conducted  jointly  by  Institute  of  Geoinformatics,  LTD, 
Institute  of  RadioEngineering  and  Electronics,  RAS, 
Designing  bureau  “SALUT”  of  State  Scientific  and  Industrial 
Center,  named  after  Hrunichev  together  with  forestry  service 
of  Moscow  region. 

The  natural  fire  risk  was  used  as  a  parameter  for 
remote  sensing  determination.  Natural  fire  risk  is  more  or  less 
stable  parameter,  which  depends  firs  of  all  on  trees  and  soil 


types,  ground  water  level,  relief  and  some  other  data,  which 
in  some  meteorological  conditions  increased  the  probability 
of  fire  appearance  and  propagation.. 


REGION  OF  EXPERIMENTS.  METEO  CONDITIONS. 
EQUIPMENT.  PROCEDURE  OF  MEASUREMENTS. 

Experiments  were  conducted  in  Shatura  and 
Egorievsk  regions  of  Moscow  regions.  The  coniferous, 


Fig.  1.  The  scheme  of  region 
with  natural  fire  risk  map.  a) 
-  general  map;  b)  -  zoomed 
fragment  A.L.4  -  natural  fire 
risk  gradation,;  25,  26..  - 
numbers  of  quarters,  which 
corresponds  to  different  tree 
types. 
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deciduous  and  mixture  forests  with  general  area  about  500  sq. 
km  were  studied.  The  scheme  of  region  with  natural  fire  risk 
map,  obtained  from  the  forest  service  is  given  on  Fig.  la.  The 
zoomed  fragment  “A”  of  this  region  is  presented  on  Fig.  lb. 
The  region  was  characterized  by  presence  of  different  tree 
types,  bushes,  marshes,  peatbogs,  etc. 

Air  temperature  at  the  testing  region  varies  from  + 
(23  -  24°  C)  in  ground  layer  till  +(10  -  12°  C)  on  the  1500  m 
height.  There  were  some  cumulus  clouds  above  test  region. 
There  were  no  raining  for  about  1  week  before  the 
measurements. 

The  base  of  used  equipment  were  microwave 
radiometers,  elaborated  and  manufactured  in  Institute  of 
Geoinformatics,  Ltd.  Main  characteristics  of  used  equipment 
is  given  in  Table  1.  All  passive  microwave  and  infrared 
radiometers  were  trace  type,  portable  and  light  and  in 
principle  are  ready  for  installation  on  any  platform.  During 
described  experiment  airplane  AN-2  was  used.  The  antennas 
were  nadir  looking.  For  decimeter  radiometers  were  used 
microstrip  antenna.  Centimeter  radiometer  use  horn. 


Table  1 


Trace  MCW  radiometers 

Waverange,  cm 

2.25,  21,  27 

Operating  range,  K 

10-350 

Sensitivity  with  integration  time  1  S,  K 

0.1 

Integration  time,  S 

0.5 

Output  signal,  (analog  form) 

-  5...+5 

Supply  voltage,  V 

27  (+7,-4) 

Power  supply,  VA 

<30 

Weight,  Kg 

6 

Spatial  resolution,  degrees 

35 

2-channel  trace  IR  radiometer 

Waveranges,  mkm 

8-12 

Sensitivity,  K 

0.1 

Spatial  resolution,  degrees 

3 

All  information  was  recorded  on  the  IBM  PC 
compatible  computer. 

Experiment  procedure  includes  measurements  along 
the  flight  lines  on  different  altitudes  (from  70  till  1500)  and 
thematic  mapping  from  200  m  height. 


RESULTS  AND  DISCUSSION 
The  spatial  distribution  of  microwave  radiation  in 
decimeter  and  centimeter  waveranges  was  compared  with 
variations  of  natural  fire  risk  along  the  flight  lines.  The 


example  of  mentioned  comparison  for  the  trace  2  are 
presented  as  two  -  dimensioned  diagram  (Fig.  2).  It’s  one  of 
the  best  versions,  when  MCW  clusters  ,  which  corresponds  to 
different  fire  danger  degrees  are  really  separated. 


Fig.  2.  The  results  of  comparison  between  microwave 
radiation  on  centimeter  (2,25  cm)  and  decimeter  (21  cm) 
wavelengths,  obtained  along  the  trace  2  (Moscow  region,, 
23.09. 1994).  1  -  first  class  of  fire  danger;  2  -  second  class  of 
fire  danger. 

The  joint  processing  of  IR  radiation  spatial 
distribution  and  microwave  radiation  on  the  2 1  cm 
wavelength  in  marked  regions  (A,  B,  C,  D,  E,  F  )  on  tested 
region  with  really  different  fire  risk  degree  was  done. 

The  examples  of  thermodynamic  (Fig.  3)  and 
microwave  (Fig.  4)  maps  were  used.  The  regions  A  and  B  - 
are  characterizes  by  high  level  of  fire  danger  (3,  4);  C,  D  and 
E  -  corresponds  to  minimum  level  of  fire  risk  (1,  2);  F  -  is  free 
of  forest  cover. 

The  results  of  comparison  between  calculated  value 
r=l-Tm/T®2, 

and  thermodynamic  temperature  Tir,  obtained  using  IR 
radiometer  are  presented  on  Fig.  5. 

As  it’s  well  seen  from  the  figure,  there  is  good 
correlation  between  chosen  regions  on  fig.  5  and  fire  risk 
gradations. 

CONCLUSION 

Obtained  results  shows  the  principle  possibility  of 
nonscanned  passive  microwave  and  IR  remote  sensing 
methods  application  for  heat  and  water  exchange  processes 
monitoring,  which  is  directly  connected  with  fire  danger.  It 
was  shown,  that  for  mentioned  above  region  good  correlation 
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Fig.  3.  The  thermodynamic  temperature  map  of  the  tested 
forest  region.  24.09.1994. 

between  natural  fire  risk  and  MCW  and  IR  radiation 
intensity  variations  took  place.  These  conclusions  coincides 
with  the  same,  obtained  during  experiments  in  another 
regions  of  Europe  (East  and  West  Germany,  Poland, 
Belorussia),  but  for  the  last  decision  about  mentioned 
methods  application  and  for  elaboration  of  software  for 
remote  sensing  fire  risk  determination  ifs  necessary  to 
continue  theoretical  study  and  experiments  in  different 
conditions  and  climatic  zones. 
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Fig.  5.  The  relationships  between  MCW  and  IR  radiation 
intensity  variations  and  natural  fire  risk  degree.  A,  B  -  3, 4 
degree  of  fire  risk;  C,  D,  E  - 1,  2. 


C 


Fig.  4.  The  radiobrightness  temperature  map  of  tlie  tested 
forest  region.  Waverange  21  cm.  24.09.1994. 
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Radar  methods,  using  mm™waves, 
allow  to  solve  by  one  hand 

di-fferent  agricultural  problems, 
such  as  controlling  the  state  of 
agricultural  crops,  the  state  of 
gidrological ,  irrigation  systems, 
determining  of  water  and  sal'i: 
contents  of  the  soil,  and  b'y 
other  hand  ■■•-  such  technical 
problems,  as  designing  of  the 

navigational  systems  of  the 

flying  vehicles,  which  use 

radar  images  of  different 

landscapes  and  radar  features 
of  separate  elements  according 
to  background  landscape. 

The  problems  at  this  scientific: 
direction  have  a  spesific 

features  for  each  concrete  task. 
ScD,  if  anytaodv''  wants  to  control 
the  state  af  agricultural  crcsps 
during  the  period  of  plant  growth, 
it’s  nec  essa  r  y  t  o  k  now  a 1 1 
possible  data  abcsut  links  of 
signal  parameters  with 

changeable  characteristics  of 
surface  and  vegetation  ccsver 

(water  content,  plant  growth 
stages,  catc);  but  for  designing  of 
nav  i  gat  i  c?na  1  syst  ems  it's 

necessary  to  know  the  most 

conservative  and  in-variant  under 
seas  a n a 1  a  n  d  w e a t  h e  r  c  o  n  d i t i a n s 
chairacter ist ics  o-f  landscapes. 

Nowadays,  the  large  quantity  of 
theoretical  and  experimental  data 
can  backscatter  i  ng  c  har  au:  t  er  ist  ics 
o-f  dif-ferent  Ear'i:h  surfa^ces,  both 
na t  u  r  a 1  and  a  r  t i f i c  i  a  1 ,  i s 

c^c:cumulated.  But  the  application 
of  this  data  for  purposes  of 
developing  the  remeste  sensing  and 
navigest  ional  systems  is  rather 
difficult,  because  the  theoreticail 
mcsdels  use  raither  rtough  axnd 
unadec^uate  methocis  of  interaction 


of  mm--wa\'ves  with  different 
objects,  and  the  experimental 
i  nvest  igat  ic3ns  were  made  at 
various  seasonal  and  weather 
conditicans  and  accesrding  to 
different  methodics.  Most  of  all, 
making  the  prcscedure  cjf 
det er m i n i ng  t  he  bac  kscatter i ng 
character ist ics,  it's  necessary  to 
measure  with  high  accuracy  the 
amplitude  of  the  signals  and  to 
m  a  k  e  e  q  u  i  p  m  e  t  c  a  1  i  b  r  a  t  i  o  n  o  n 
standart  reflectors.  F-or  this 
purpose  it's  necessary  to  ensure 
t  Ft  es  h  i  g  h  s  p  a  r  t  i  a  1  s  e  1  e  c  t  i  o  n  o  f 
backscatter i ng  signals.  All  these 
p  r  o  b 1 e m s ,  a t  r  a  n  d o m  d i s t  rib u t  e  d 
signals,  are  connected  with  some 
d  i  -f  ■•  f  i  c  u  1 1  i  B  s ,  p  a  r  t  i  c  u  1  a  r  1  y  w  h  e  n 
the  airborne  radar  systems  are 
used. 

T  h  e  s  e  c  i  r  c  u  m  s  t  a  n  c  e  s  r  e  q  u  i  r  e  t  h  e 
necessity  of  conducting  the  cycle 
of  measurements  of  backscatter i ng 
p  r  D  p  e  r  t  i  e  s  o  f  d  i  f  f  e  r  e  n  t  E  a  r  t  h 
sur -faces  in  mm-wave  band  in  order 
to  create  the  catalogue  of 
b  a  c:  k  s  c  a  1 1  e  r  i  n  g  c  h  a  r  a  c  t  e  r  i  s  tics  o  -f 
dif-ferent  Earth  covers,  both 
n  a  t  u  I-  a  1  a  n  d  a  r  t  i  -f  i  c  i  a  1 ,  as  a 
universal  data  base  for 

a  1 1  w  e  a  t  h  e  r  n  a  v  i  g  a  t  i  o  n  a  1  s  y  s  t  e  m  s . 
It  was  determined,  tFnat  the 
catalogue  must  include  all  typical 
objects  of  Earth  surfaces  and  will 
be  created  in  general  according  to 
e  X  p  e  I-  i  m  e  n  t  a  1  d  a  t  a .  T  h  e  o  r  e  t  i  c  a  1 
results  may  be  used  only  for 
summarising  and  approximation  of 
e  X  peri  m  e  n  t  a  1  d  a  t  a ,  -f  o  r  e  x  a  m  p  1  e ,  t  o 
other  wave  length,  angles  of 
incidence  and  so  on.  F^'or 
r  e  c  e  i  v  e  i  n  g  t  h  e  e  x  p  e  r  i  m  e  n  t  a  1  d  a  t  a 
t  h  e  s  i  n  g  1  e  m  e  t  I'i  o  d  i  c  rn  a  y  b  e  u  s  e  d , 
which  allows  to  reproduce  the 
c  o  n  d  i  t  i  o  n  s  o  -f  e  x  c:.'  e  r  i  m  e  n  t  s  a  n  d  t  o 
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Table  Mo»  1 


No , 

Sur face 

(0“^) 

(dB) 

V(O-) 

(cIB) 

o'^(40’^)  1 

CdB) 

1 

W  a  'I".  0  r  s  Li  r  ’f  3.  c  0  ( c  a  .1  fri ) 

50 

17 

+3 

-17 

];  c  0 c  DVB  r  0  (::1  w  i  t  h 
snow 

1  „  C) 

0 

+5 

- 1 1 

3 

C  D  n  c  r  e  t  e  s  u  r  f  a  c  e 
( c  1  e  a  n  r  u  n  -  w  a  y ) 

1 0 

10 

+2 

-17 

4 

C  0  n  c  r  e  t  e  s  u  r  f  a  c  e , 
covered  with  snow 

1 , 0 

0 

+5 

- 1 1 

5 

F  i  e  1  d  ( s  e  p  t  e  m  b  e  t . 

january ) 

0 , 6 

/■•■J 

4- 

- 1 0 

6 

Field  (february) 

4 . 0 

6 

+  1 

-11 

7 

Field  (march) 

1.5 

T-4 

-  j.  1 

8 

F  i  e  1  d  ( ap  r  i  1  - 
may) 

0.  15 

.....0 

T2 

- 1 1 

9 

Field  (june  - 
august ) 

0 . 3 

•”•■5 

+3 

-7 

compare  the  re£ult<s  on  the  base  of 
multiyear  measured  data,  which 
embrace  all  seascjnal,  weather 
conditions  by  the  sufficient 
s  t  a  t  i  s  t  i  c  a  1  i'”  e  1  i  a  b  i  1  i  t  y . 

According  to  this  structure  the 
catalogue  must  be  the  seasonal 
one.  F"or  each  object  it  must 
i  nc  1  u de  t  he  e p e r  i  me nt  a  1  dat a  f o r 

three  seasons  .  winter,  summer  and 

t  r  a  ri  s  i  t  i  o  n  a  1  o  n  e .  A 1 1  t  y  p  i  c:  a  1 
objects,  included  in  the 

catalogue,  are  devided  into  three 
c  1  a  s  s  e  s  s  u  r  f  a  c  e  d  i  s  t  r  ■  i  b  u  t  e  d , 

1  i  fi  e  a  r . d  i  s  t  r  i  b  u  t  e  d  a  n  d  c;l  o  1 1  e  d ,  i  n 

the  scale  of  resolution  element. 

Bo,  the  catalcjgue  consists  of  9 
tables  (  3  seasons  3  types  of 

objects) ,  Each  table,  except  the 
values  of  backscatter i ng  intensity 
■f T"  o  m  t  y  p  i  c  a  1  o  b  j  e  c  t  s ,  i  n  c  1  u  d  e  s  t  h  e 
3.€.cij.rs.c:y  value  of  their 

d  e  t  e  r  m  i  n  a  t  i  cd  n  f  o  r  c  o  n  c  r  e  t  e  s  e  a  s  o  n , 
angular  and  azimuth  dependences 
and  ail  so  some  parameters  of  this 
objects.  This  tables  make  it 
possible  for  each  type  of 
landscape,  with  known  kinds  of 
objects,  quikly  determine  and  take 
a  decision  about  possibility  of 
using  concrete  navigational  '’79 
system. 


F  o  r  e  X  p  e  r i m e  n t  a 1  i n v e s t i g  a t ions 
two  radar  systems  were  made.  First 
ground-based  scatterometer ,  second 
airborne  side-scan  radar.  The 

c  a  1  i  b  r  a  t  i  o  n  o  f  g  r  o  u  n  d b  a  s  e  d 

scatterometer  was  made  upon  the 
metalic  cylinder  of  "infinite" 
length,  and  the  airborne  equipment 
was  calibrated  on  concrete 
surface,  using  met  bodies  from  1121. 

For  example,  table  No, 1  presents 
some  values  of  backscatter i ng 
intensity  for  different  El  art  h 
surfaces,  received  in  mm-wave  band 
o  n  g  e  o  g  r  a  p  h  i  c  a  1  1  a  t  i  t  u  c:l  e  .  o  f 
Central  Russia, 
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ABSTRACT 

The  predictive  ability  of  an  evidence  source  for  an  uncertain 
event  is  referred  to  the  ability  of  the  evidence  source  to  predict 
the  probability  of  the  event  concerned.  A  new  algorithm  which 
incorporates  the  predictive  ability  of  the  multi-source  data  into 
the  classification  process  is  presented.  The  algorithm  was  de¬ 
veloped  based  on  the  concept  of  second-order  probability.  Ex¬ 
perimental  results  obtained  show  that  the  new  algorithm  out¬ 
performed  the  conventional  multivariated  Gaussian  maximum 
likelihood  classifier  when  applied  to  untrained  test  data.  It  is 
also  shown  to  be  more  consistent  in  performance. 

1  INTRODUCTION 

Classification  of  remotely  sensed  images  is  typically  done  by 
applying  a  decision  rule  to  each  pixel  and  classifying  it  based 
on  spectral  information.  To  further  improve  classification  ac¬ 
curacies,  researchers  had  proposed  the  use  of  ancillary  data, 
such  as  the  texture  and  topographic  information.  When  us¬ 
ing  this  multi-source  data  for  classification,  different  evidence 
sources  usually  exhibit  different  merit  in  identifying  different 
classes.  That  is,  the  predictive  ability  of  each  evidence  source 
varies  across  the  individual  class.  The  differences  in  predictive 
abilities  can  affect  the  outcome  of  the  inferencing  process  dis¬ 
proportionately  and  consequently  increase  classification  error. 
This  means  that  the  evidence  sources  need  to  be  weighted,  for 
different  classes,  according  to  their  predictive  abilities. 

One  fundamental  assumption  when  using  most  conventional 
approaches  for  classification  is  that  the  probability  distribu¬ 
tion  obtained  from  each  evidence  source  can  be  represented  by 
‘^perfect”  point  values  defined  over  the  possible  set  of  proposi¬ 
tions.  The  main  problem  of  this  assumption  is  that  it  neglects 
the  differences  in  the  predictive  abilities  of  the  evidence  sources 
in  different  decision  situation,  since  such  differences  cannot  be 
captured  by  the  point  probability  distribution  [4,  page  242]. 

Existing  methods  to  incorporate  the  qualities  (or  reliability) 
of  the  evidence  sources,  for  classification  of  remotely  sensed 
images,  include  the  Bayesian  approach  proposed  by  Lee  et  al. 
and  Benediktsson  et  al.  [5,  1],  where  reliabilities  of  the  evi¬ 
dence  sources  are  incorporated  into  the  classification  process. 
Another  method  proposed  by  Lee  et  al.  [5]  is  an  evidential  cal¬ 
culus  approach  based  on  the  Dempster-Shafer  theory.  These 
approaches  although  successfully  incorporated  the  reliability 
into  the  classification  process.  It,  however,  does  not  take  into 
account  the  differences  in  reliability  of  the  evidence  source  for 
different  classes.  Further  more,  the  Bayesian  approach  de¬ 
scribed  does  not  generate  a  resultant  reliability. 


2  THE  PREDICTIVE  ABILITY  APPROACH 

Let  be  a  measure  quantity  of  the  predictive  ability  of 
source  a  for  class  Wj.  It  can  take  on  any  value  between  0 
and  1,  ranging  from  ‘no’  predictive  ability  to  ‘perfect’  predic¬ 
tive  ability. 

To  obtain  the  measure  quantity  of  the  predictive  ability, 
one  possibility  is  to  obtain  the  classification  accuracy  of  an 
evidence  source  using  the  training  samples.  That  is,  from 
the  training  samples,  if  the  classification  accuracy  of  evidence 
source  ei  is  high  for  class  Wj,  then  the  predictive  ability  is 
high,  and  vice-versa.  Using  the  training  samples  we  can  also 
derived  the  predictive  ability  using  other  statistical  measures 
such  as  separability  measure  and  error  in  class  modelling.  Al¬ 
though,  the  concepts  consider  in  these  approaches  are  similar 
to  to  some  of  those  described  in  [5, 1]  for  the  estimation  of  relia¬ 
bility.  The  reliability  obtained  from  these  statistical  measures, 
however,  represents  the  overall  ‘quality’  of  the  entire  source.  It 
does  not  indicate  how  the  quality  is  distributed  across  the  in¬ 
dividual  classes.  The  sources  could,  and  frequently  do,  exhibit 
drastically  differing  quality  for  different  classes.  In  contrast, 
the  approach  considered  here  explicitly  determine  the  quality 
(predictive  ability)  of  the  evidence  source  for  estimating  the 
probability  of  each  class. 

2.2  Second  Order  Probability 

Suppose  that  there  are  m  evidence  sources,  Em  : 
ei, ..,  e*-, ..,  Cm,  which  bear  information  in  terms  of  the  prob¬ 
ability  distributions  define  over  a  sample  space  of  Q  : 
wi,  ..jWj,  ..,Wn-  During  classification  process,  these  probabil¬ 
ity  distributions,  Pij^  are  combined  to  form  a  resultant  proba¬ 
bility  distribution  over  Q.  However,  due  to  the  different  predic¬ 
tive  abilities  of  each  evidence  source  for  different  classes,  we  are 
not  likely  to  fully  commit  ourself  to  the  first  order  probability 
value,  Pij,  obtained  and  excluding  its  immediate  neighbours. 
Instead,  we  are  more  willing  to  say  that  “it  is  more  likely  that 
the  probability  of  class  Wj  is  Pij”.  So  that  at  the  same  time 
we  can  also  consider  its  immediate  neighbours. 

To  take  into  account  our  “doubt”  on  the  first  order  proba¬ 
bility  value,  the  second  order  probability  approach  is  proposed. 
A  second  order  probability,  P{P{wj/ei)),  that  proposition  Wj 
is  true  can  be  defined  as  “probability  of  the  probability  that 
proposition  Wj  is  true”.  It  allows  us  to  express  the  predic¬ 
tive  ability  of  the  evidence  source  through  the  ‘variance’  of  the 
second  order  probability  distribution  function.  Consider  the 
graphical  display  as  shown  in  Fig.l,  the  x-axis  represents  the 
first  order  probability  Pij  defined  over  class  Wj.  The  actual 
first  order  probability  value  obtained  from  ei,  say,  for  class  wj 
is  denoted  as  Pij.  Instead  of  confining  ourself  to  the  estimated 
first  order  probability  Pi,j,  we  now  spread  our  belief  around 
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3  EXPERIMENT 


Pij  through  the  second  order  distribution  function.  Using  the 
Bayesian  approach,  the  second  order  probability  distributions 
correspond  to  different  sources  can  be  combined  as  fallow: 


P{Piwj))  a  PiP{wi\ei))  P{P{wAe2))  ...  PiPi^jM)  (1) 


2.3  Combination  of  normal  distributions 
For  representational  and  simple  analysis  purposes,  the  Normal 
distribution  function  is  employed  as  the  second  order  probabil¬ 
ity  function  to  represent  our  belief  in  the  first  order  probability. 
The  distribution’s  mean,  represent  the  first  order  probability, 
Pij,  and  the  variance,  cr^,  is  related  to  the  predictive  ability 
as  follow: 

2_ 

Let  normal  functions,  N(Pij^alj)  and  N{p2jy<Tjj),  repre¬ 
sents  the  information  obtained  from  evidences  ei  and  62,  for 
class  Wj.  From  Eqn.l,  the  combination  of  the  two  functions 
using  the  Bayesian  approach  [2,  page  74]  is  the  normal  function 
iV(A®2,>,<Ti02,j)  where 


Pl®2,j  — 


Wh:  <^2,1 


1 

2 


The  subscript,  10  2,  represent  the  resultant  from  the  combi¬ 
nation  of  evidence  ei  and  62.  The  combination  can  be  illus¬ 
trated  graphically  as  shown  in  Fig.l.  Notice  that  the  resultant 
second  order  probability  distribution,  corresponds  to  the  com¬ 
bined  evidence  6192,  has  a  sharper  peak  than  either  of  the 
contributing  distributions.  This  corresponds  to  a  gain  of  in¬ 
formation,  hence  increase  in  predictive  ability,  compared  to  its 
contributing  sources,  ei  and  62.  In  the  case  when  /?2j  > 
that  is  62  has  higher  predictive  ability  than  ei  for  class  Wj  as 
illustrated  by  the  sharper  peak  of  62-  The  ‘mean’  of  the  resul¬ 
tant  distribution,  A®2,i,  is  closer  to  p2,j  than  to  Pi,j.  This 
indicates  that  62  has  greater  inference  on  the  resultant  prob¬ 
ability,  Pi^2,jy  than  ei-  It  follows  that  the  combination  of  m 
evidences,  ei,  62, Cm,  results  in  the  following  quantities: 


3.1  Data 

The  classification  performances  were  obtained  based  on  the 
classification  of  a  study  area  in  the  central  of  Singapore.  This 
area  consists  of  both  natural  land-cover  and  several  different 
urban  land-use.  The  data  sources  used  include: 

•  SPOT  HRV  data  (three  channels) 

•  topographic  data  -  elevation  and  slope  (two  channel) 

•  texture  information  (one  channel) 

The  three  spectral  images  of  the  study  area  are  the  SPOT 
HRV  satellite  images  acquired  on  4  March  1991.  Each  image 
pixel  has  a  spatial  resolution  of  20m  x  20m.  The  topographic 
data,  elevation  and  slope,  were  derived  from  a  1:25, 00 0-scale 
topographic  map  with  contour  interval  10  meters  with  supple¬ 
mentary  contour  5  meter.  The  resultant  elevation  and  slope 
data  were  co- registered  with  the  spectral  images.  The  texture 
information  was  extracted  from  the  spectral  image  (band-1) 
using  the  Grey  Level  Co-Occurrence  Matrices  (GLCM). 

The  land-use  categories  to  be  classified  were  split  into  the 
following  7  categories:-  l-high  density  residential,  2-low  den¬ 
sity  residential,  3-commercial,  4-water,  5-grass  held,  6-forest 
and  7-industriaL  Two  sets  of  samples,  314  training  samples 
and  500  test  samples,  were  randomly  selected  from  the  image. 
The  ground  truth  required  for  the  evaluation  of  the  classih- 
cation  results  was  derived  from  a  1:20, 000-scale  aerial  photo¬ 
graph  and  a  1:50, 000-scale  topographical  map,  supplemented 
with  manual  interpretation  of  the  color  composite  image  of  the 
SPOT  scene. 

3.2  Classifiers 

MG  ML:  As  a  comparison,  the  Multivariate  Gaussian  Maxi¬ 
mum  Likelihood  (MGML)  classiher  was  also  employed  in  this 
experiment.  The  three  ancillary  sources  were  combined  with 
the  spectral  sources  to  form  a  “six-bands”  data  source.  Clas- 
sihcation  was  performed  based  on  the  multivariate  Gaussian 
model,  which  was  estimated  using  the  training  data. 
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where  A©2©...©mj,  ^i©2®...®m,>  ^i®2©...®mj  are  the  re¬ 

sultant  probability  of  class  variance  and  resultant  predic¬ 
tive  ability,  respectively. 


Figure  T.  Second  order  probability  distribution. 


BUSP:  The  other  classification  method  used  in  the  experi¬ 
ment  was  the  Bayesian  Update  of  Second  order  Probability 
(BUSP),  which  is  referred  to  the  new  classification  approach 
proposed  in  section  2.  Due  to  the  difference  in  inferencing  na¬ 
ture  of  the  classification  process  between  BUSP  and  MGML, 
the  multivariate  Gaussian  models  for  the  three  spectral  bands 
are  not  suitable  for  the  BUSP  when  combined  with  other  an¬ 
cillary  sources.  Each  spectral  source  was,  therefore,  treated 
separately,  where  data  classes  from  each  source  were  modelled 
by  the  gaussian  distributions  separately.  Probability  distribu¬ 
tions  from  the  other  three  ancillary  sources  were  obtained  di¬ 
rectly  from  their  respective  normalized  histogram  of  the  train¬ 
ing  data. 

To  take  into  account  the  correlation  between  the  three  spec¬ 
tral  bands,  which  is  common  among  spectral  information,  we 
modelled  the  effect  of  the  correlation  into  the  classification 
process  using  a  correlation  factor,  p.  For  example,  if  source 
ei  is  correlated  with  any  other  source,  its  ‘inference’  will  be 
reduced  during  the  classification  process.  From  Eqn.  2  and 
Eqn.  3,  increasing/decreasing  the  variance  <7^  of  the  second 
order  distribution  will  decrease/increase  the  inference  of  an 
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evidence  source.  We  can,  therefore,  revised  the  inference  of  an 
evidence  source  using  the  correlation  factor  [3]  as  follow 

m 

<^{new)i  j  =  Pi,k  (5) 

k=l 

where  the  correlation  pi^k  between  sources  Ci  and  can  be 
derived  directly  from  the  correlation  matrix. 

In  this  experiment,  the  predictive  ability  was  derived  di¬ 
rectly  from  the  classification  accuracy  of  the  training  samples 
of  each  data  source  for  each  individual  class. 

4  RESULTS  AND  DISCUSSION 

Tables  1  and  2  show  the  classification  performances  of  the  two 
classifiers  for  the  training  and  test  samples,  respectively.  The 
classification  performances  are  presented  in  terms  of  the  overall 
kappa  values  and  classification  accuracy  for  each  individual 
class. 

For  the  BUSP  classifier,  three  sets  of  classification  perfor¬ 
mances  were  obtained.  The  first  set,  indicated  as  ‘Perfect’, 
was  obtained  without  the  inclusion  of  the  correlation  factor 
and  predictive  ability.  Where  we  assumed  perfect  predictive 
ability  with  =  0.9999  for  all  i  and  j.  The  second  set, 
indicated  as  ‘Correlation’,  was  obtained  with  the  inclusion  of 
the  correlation  factor  but  predictive  ability  was  not  used.  The 
last  set  was  obtained  with  the  correlation  factor  and  predictive 
ability,  indicated  as  ‘Predictive  A.’  in  the  tables. 

Without  the  inclusion  of  the  correlation  factor  and  pre¬ 
dictive  ability,  the  BUSP  obtained  lower  classification  perfor¬ 
mances  (0.7341,  0.6913)  for  both  training  and  test  samples, 
as  compared  to  the  MGML  classifier  (0.9118,  0.8358).  This  is 
mainly  due  to  the  existence  of  correlation  between  sources,  in 
particular  between  spectral  band2  and  band3,  which  resulted 
in  over-inference  from  these  correlated  sources.  When  cor¬ 
relation  factors  were  used,  classification  performances  (0.8216, 
0.7184)  for  both  training  and  test  samples,  although  improved, 
are  still  relatively  lower  than  that  of  the  MGML.  When  predic¬ 
tive  abilities  were  used,  classification  performances  of  the  train¬ 
ing  and  test  samples  are  further  improved  (0.8908,  0.9020).  Al¬ 
though,  the  training  performance  is  somewhat  lower,  its  test 
performance  outperformed  the  MGML  significantly.  Tables 
1  and  2  also  show  that,  when  predictive  abilities  were  used, 
classification  performances  for  all  the  classes  are  improved. 

Results  also  show  that  when  predictive  ability  was  used, 
classification  performances  obtained  for  both  training  and  test 
samples  are  highly  consistent.  The  high  consistency  in  clas- 


Table  1:  Classification  results  of  training  data. 


classification  accuracies 

for  individual  class 

1 

2 

3 

4 

5 

6 

7 

Kappa 

MGML 

0.85 

0.98 

0.85 

1.00 

0.86 

0.83 

0.94 

0.9118 

BUSP 

Perfect 

0.69 

0.81 

0.81 

0.97 

0.93 

0.89 

0.61 

0.7341 

Correlation 

0.86 

0.86 

0.70 

0.95 

0.84 

0.87 

0.87 

0.8216 

Predictive  A. 

0.87 

0.94 

0.82 

1.00 

0.92 

0.90 

0.94 

0.8908 

Table  2:  Classification  results  of  test  data. 


classification  accuracies  for  indiv 

idual  class 

1  2 

3 

4  5 

6 

7 

Kappa 

MGML 

0.94  0.92 

0.80 

0.99  0.76 

0.70 

0.88 

0.8364 

BUSP: 

Perfect 

0.56  0.87 

0.83 

0.95  0.86 

0.80 

0.46 

0.6913 

Correlation 

0.71  0.83 

0.69 

0.87  0.65 

0.64 

0.83 

0.7184 

Predictive  A. 

0.87  0.92 

0.89 

1.00  0.88 

0.85 

0.98 

0.9020 

sihcation  performances  indicates  that  the  BUSP  classifier  is 
robust.  In  contrast,  performances  of  the  MGML  decreased  sig¬ 
nificantly  when  applied  to  the  test  samples.  This  is  likely  due 
to  the  dissimilarity  between  the  test  data  distribution  and  the 
data  model  assumed.  The  main  different  between  the  BUSP 
and  MGML  is  that  the  nature  of  the  inferencing  process  of 
the  former  approach  is  “additive”  which  has  an  “averaging” 
effect.  This  has  contributed  to  its  robustness  and  consistency 
of  performance.  The  nature  of  the  inferencing  process  of  the 
MGML,  on  the  other  hand,  is  “multiplicative”  which  has  a 
“reinforcement”  effect.  Hence,  this  approach  tend  to  be  more 
sensitive  to  the  distribution  model  than  that  of  the  BUSP  ap¬ 
proach. 

5  CONCLUSION 

Based  on  the  concept  of  second  order  probability,  a  new  ap¬ 
proach,  BUSP,  for  the  classification  of  multi-source  data  is 
presented.  This  algorithm  takes  into  account  the  predictive 
ability  of  the  data  source  for  each  individual  class.  This  form 
of  quality  measure  of  the  data  source  is  highly  desirable  as  it 
expressed  the  quality  of  the  sources  for  each  individual  class 
explicitly.  The  algorithm  not  only  determines  the  resultant 
probability  distribution  for  the  sample  space,  it  also  generates 
the  resultant  predictive  ability  of  the  combined  evidence.  So 
that  the  combined  evidence  can  be  further  updated  in  the  light 
of  new  evidence. 

Experimental  results  show  that  the  BUSP  classifier,  with 
the  inclusion  of  predictive  ability  measures,  outperformed  the 
MGML  classifier  when  untrained  test  data  is  employed.  This 
is  mainly  attributed  to  the  fact  that  the  BUSP  was  provided 
with  more  information  in  terms  of  the  predictive  ability  of 
the  evidence  source  for  each  class,  and  also  its  robustness  and 
insensitivity  to  the  anomaly  of  the  data  distribution. 

In  the  area  of  pattern  recognition,  the  proposed  algorithm  is 
suitable  for  classification  of  multi-source  data,  such  as  remotely 
sensed  images  employed  in  this  paper,  where  the  information 
sources  are  not  equally  reliable  and  exhibit  different  merit  in 
identifying  different  classes. 
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Abstract  -  TRW's  Ag  Resource  Mapping  agricultural  remote 
sensing  program  operated  a  commercial  airborne  remote 
sensing  service  in  the  state  of  Washington  during  the  growing 
season  of  1994.  As  part  of  the  remote  sensing  program, 
TRW  offered  a  prototype  irrigation  management  service  that 
was  targeted  at  ie  early  season  verification/evaluation  of  the 
functionality  of  center  pivot  irrigation  systems.  Initial 
commercial  market  evaluation  regarding  this  service  indicated 
a  substantial  number  of  potential  customers  over  a  wide  area. 
Initial  concepts  for  the  fulfillment  of  the  service  indicated 
good  economics  (based  on  number  of  fields  covered  per  flight 
and  cost  per  field  imaged).  During  the  study,  it  was 
demonstrated  that  the  remote  sensing  of  center  pivot  irrigation 
systems  can  be  successfully  addressed  with  high  resolution 
film  based  remote  sensing  systems.  However,  our  experience 
indicates  that  servicing  a  very  large  number  of  customers  over 
a  wide  area  can  be  economically  problematic  and  that  the 
difficulties  are  an  interplay  of  complex  market,  system, 
weather,  geographic,  crop,  and  customer  related  factors. 


INTRODUCTION 

Center  pivot  irrigation  systems  are  widely  used  in  the 
automatic  irrigation  of  high  value  agricultural  crops.  With 
use,  these  systems  can  develop  malfunctions  that  can  disrupt 
the  proper  the  irrigation  of  the  crop  and  effect  its  development 
and  subsequently  its  cash  value.  To  address  this  problem 
TRW  has  developed  a  commercial  remote  sensing  system 
targeted  at  agricultural  surveillance  applications,  one  of  which 
is  irrigation  system  management 

The  service  was  flown  for  the  early  part  of  the  growing 
season  in  the  State  of  Washington  and  was  successful  in 
detecting  irrigation  problems  for  many  growers  in  the 
subscribing  customer  set.  Acquired  imagery  was  usually 
analyzed  and  delivered  the  next  day  (24  hour  turnaround). 
Among  the  irrigation  system  defects  and  problems  detected 
were  missing  nozzles,  plugged  nozzles,  mismatched  nozzles, 
stuck  (non-rotating)  sprinklers,  system  joint  leaks,  system 
“spoking”  due  to  field  slope  characteristics  or  faulty  pivot 
movement  switches,  system  pressure  problems  associated 
with  “end  arm”  activation,  etc.  The  system  evaluations 
provided  in  the  service  were  the  motivating  factor  for  many 
growers  to  perform  specific  maintenance  or  corrective 
activities  on  their  systems.  It  was  seen  that  certain  irrigation 
system  problems  (e.g.  partially  blocked  nozzles)  required 
image  resolutions  of  significantly  less  than  a  meter  while 
others  could  be  detected  with  coarser  resolutions. 


Difficulties  resulting  from  lack  of  specific  knowledge  of 
detailed  customer  irrigation  practices,  weather  complications, 
variable  soil  characteristics,  the  broad  area  of  required 
coverage,  and  limited  flight  opportunities  caused  some 
contract  compliance,  schedule  and  economic  problems.  These 
problems  prompted  the  development  of  a  more  sophisticated 
contracting,  scheduling,  interpretation,  quality  assurance,  and 
flight  planning  process.  Prompt  product  delivery  over  such  a 
large  region  as  the  Columbia  River  Basin  also  proved 
problematic.  Some  of  the  problems  encountered  in  this 
venture  are  discussed  in  the  following  sections. 


CENTER  PIVOT  IRRIGATION  SYSTEM  DESCRIPTION 

Figure  1  shows  a  plan  view  diagram  of  a  center  pivot 
irrigation  unit.  There  are  several  components.  The  central 
support  pivot  that  anchors  the  fixed  end  of  the  irrigation  arm 
is  located  at  “A”.  This  unit  supports  the  inner  end  of  the 
pivot  arm  and  this  is  where  the  irrigation  controls  are  located. 
The  pivot  arm  extends  from  this  point  to  the  outer  edge  of  the 
field.  The  arm  portion  rotates  like  the  hand  of  a  clock  to 
provide  irrigation  coverage  for  the  entire  field.  The  arm 
carries  the  water  supply  pipes  and  hosts  the  sprinkler  heads. 
At  the  tip  of  the  end  arm  there  is  a  “end  gun”  sprinkler  which 
extends  the  coverage  of  the  system. 

The  pivot  arm  is  comprised  of  multiple  segments  which  are 
supported  by  a  series  of  spaced  posts  which  are  connected  to 
sets  of  wheels.  These  wheels  allow  the  pivot  segments  to 
move.  The  rotation  speed  of  the  pivot  is  set  by  the  outer 
segment  which  moves  at  a  continuous  controlled  rate.  As  the 
outer  segment  moves  (leaving  the  inner  segments  lagging 
behind)  an  angular  deflection  is  detected  by  sensors  at  each 
joint  in  the  pivot  (at  each  inner  wheelset). 


Pivot  Center 


Wheel  Tracks 


Figure  1  Center  Pivot  Irrigation  Diagram 
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The  detection  of  a  deflection  at  a  joint  causes  the  system  to 
rotate  the  wheels  at  that  joint  to  correct  the  deflection.  This 
is  how  the  pivot  moves  around  the  field. 

A  series  of  sprinklers  are  mounted  along  the  pivot  arm. 
The  sizing  (and  resultant  output)  of  these  sprinklers  is 
calculated  as  a  function  of  arm  movement  speed  and  water 
pressure.  Some  are  static  nozzles,  some  are  rotating  impact 
type  sprinklers.  Sprinklers  are  mounted  both  on  the  arm 
itself  or  hanging  downward  on  lines  from  the  arms. 


This  is  how  most  companies  enter  the  remote  sensing 
market:  i.e.  with  uncomplex  views  of  the  task  to  be 
completed.  These  preliminary  views  are  what  initial  venture 
capital  funding  and  market  estimates  are  based  upon.  By 
experience  it  has  been  seen  that  the  science  and  business  of 
agricultural  remote  sensing  gets  very  complex  very  quickly 
when  you  finally  have  get  the  job  done  on  time  and  on 
budget. 


SYSTEM  DIAGNOSIS 

These  automated  systems  can  develop  a  number  of 
mechanical  and  pressure  related  problems.  Many  problems 
are  the  result  of  human  installation  errors  (mis-sizing  of 
sprinklers)  while  others  are  the  result  of  system  wear  and  tear 
(worn  nozzles,  plugged  nozzles,  etc.).  Most  of  these 
problems  are  readily  detectable  in  remotely  sensed  imagery. 
Example  irrigation  system  problems  are  listed  in  Table  1. 

Missing  and  worn  sprinklers  will  have  high  water  output 
rates.  (Sprinkler  nozzles  get  worn  by  the  trace  amounts  of 
sediment  found  in  irrigation  water  and  their  aperture  widens 
with  time,  increasing  output  flow).  Plugged  or  partially 
plugged  nozzles  result  in  relative  dry  rings.  Non-rotating 
impact  sprinklers  exhibit  a  dry  ring  associated  with  an 
adjacent  very  thin,  very  dark  wet  ring.  Pressure  problems 
manifest  themselves  as  large  radial  wedges  that  are  drier  and/or 
wetter  that  the  remainder  of  the  field.  These  are  cause  by 
pressure  drops  related  to  field  slope  effects  (pumping  uphill 
reduces  water  pressure)  and  pivot  end  arm  actuation  (the 
sprinklers  on  the  end  arm  turn  “on”  and  take  up  water 
reducing  overall  pressure  at  nozzles  on  the  main  arm). 

For  each  of  these  problems  there  is  an  associated  image 
feature  in  the  soil  (wet  ring,  dry  ring,  intermittent  watering) 
that  can  be  seen  using  good  quality  imagery  of  reasonable 
resolution.  Given  a  good  image,  the  interpreter  can  evaluate 
the  system  effectively.  Given  the  ability  to  cover  a  large 
number  of  fields  in  one  flight,  the  economics  of  irrigation 
remote  sensing  initially  seem  very  straight  forward  and 
promising. 


Sprinkler  Problems 

•  Missing 

•  Worn 

•  Mis-sized 

•  Partially  plugged 

•  Fully  plugged 

•  Non-rotating 

•  Intermittent  rotating 

•  End  gun  mis-timing 
Pivot  Problems 

•  Pressure  problems 

•  Leaks 

•  Stuck  wheels 


Image  Feature 
Wet  ring,  overwater 
Wet  ring,  overwater 
Wet  or  dry  rings 
Dry  ring,  underwater 
Dry  ring,  underwater 
Combo  wet  &  dry  ring 
Variable  wet/dry  ring 
Wet/dry  areas 
Image  Feature 
“X  Pattern  Spoking” 
Large  wet  areas 
“Local  Spoking” 


Table  1  Mechanical  Problems 


UNCERTAIN  GROWER  IRRIGATION  SCHEDULES 

In  the  beginning  of  the  season  the  growers’  primary 
concern  is  getting  his  crop  in  the  ground  and  properly 
irrigated.  One  must  be  aware  that  growers  will  not  schedule 
irrigation  at  the  convenience  of  an  aerial  survey  firm.  They 
irrigate  when  it  is  right  for  the  crop.  This  includes  weekends 
and  holidays.  Even  at  night  sometimes.  Often  times  when 
asked  when  they  were  going  to  irrigate  the  growers  cannot  not 
say  with  any  specificity.  Sometimes  when  they  do  specify  a 
date  and  time,  the  irrigation  system  will  not  be  turned  on 
until  a  day  later  due  to  communication  time  lags  with  their 
irrigation  managers.  Some  growers  may  irrigate  multiple 
times  in  the  early  portion  of  the  season  giving  you  several 
imaging  opportunities,  while  others  will  irrigate  only  once 
making  it  a  “do  or  die”  situation.  In  short,  the  timing  for  the 
survey  of  a  particular  customer  field  is  in  reality  controlled  by 
the  customer  and  usually  the  irrigation  schedule  is  often  not 
very  firm,  is  not  well  known,  and  is  open  to  daily  change 
from  a  wide  variety  of  factors.  Because  of  this,  the  simple 
coordination  of  overflight  with  an  irrigation  event  can  be  very 
difficult. 


DATA  INTERPRETABILITY  PROBLEMS 

In  order  to  see  irrigation  defects  in  the  center  pivot  systems, 
you  need  to  get  a  good  look  at  the  sprinkler  watering  patterns 
on  the  field.  This  is  best  done  when  the  field  is  dry  and  the 
pivot  is  beginning  to  rotate  and  irrigate  around  the  field.  An 
aerial  image  of  the  field  then  shows  the  wedge-shaped  wetness 
pattern  on  the  field.  The  key  location  to  inteipret  is  the  back 
edge  of  the  wet  area  termed  the  “drying  wedge”.  This  area  has 
been  wetted  and  has  had  time  to  start  drying.  Its  drying 
pattern  depend  on  how  much  water  was  received  in  each  local 
area.  A  missing  sprinkler  results  in  a  very  localized  wet  ring 
(because  the  water  is  gushing  out  uncontrolled).  A  plugged 
sprinkler  results  in  a  dry  band  at  its  location  along  the  pivot. 
The  resultant  contrast  of  the  light  toned  drying  soil  and  the 
darker  wet  soil  shows  up  the  irrigation  inconsistencies  well. 
A  perfectly  regulated  irrigation  system  in  a  perfect  world  will 
leave  a  well  behaved  gradual  drying  pattern  at  this  trailing 
edge. 

Problems  occur,  however,  when  this  model  it  is  applied  to 
the  real  world.  In  many  circumstances  it  is  difficult  to  get  a 
good  “drying  wedge”  which  is  critical  to  spotting  the  subtle 
problems  such  as  partially  plugged  or  mis-sized  nozzles.  If 


184 


the  grower  is  irrigating  heavily,  and  the  sun  and  wind  are  not 
drying  the  soil  to  any  degree,  there  may 
be  no  dry  portion  anywhere  on  the  360  degrees  of  the  field.  If 
the  weather  is  poor  and  it  rains,  the  field  will  also  not  be 
drying  and  in  any  case  images  acquired  will  not  be 
interpretable  (significant  rain  tends  to  “erase”  any  irrigation 
patterns).  Soils  with  high  water  retention  characteristics  will 
also  dry  slowly  (muck  soils).  Conversely,  if  the  irrigation 
was  too  light,  the  field  will  dry  too  quickly  and  not  provide 
an  interpretable  pattern  (too  indistinct).  Table  2  shows  some 
common  drying  related  interpretation  problems. 

Each  of  these  problems  has  a  temporal  period  of  effect.  For 
example,  the  too  wet  field,  might  have  dried  sufficiently  by 
the  next  day  and  provide  good  conditions  for  interpretation  or 
may  not  have  dried  by  as  late  as  the  next  week.  The  difficulty 
is  that  the  grower  will  want  the  information  as  soon  as  is 
possible  so  he  will  have  sufficient  time  to  correct  any 
problems  before  irretrievable  damage  has  been  done  to  the 
emerging  crop.  Any  mis-timing  in  imaging  the  field  with 
respect  to  any  of  these  dynamically  changing  conditions  could 
result  in  an  image  that  cannot  be  used.  The  only  sure  way  to 
know  if  a  field  is  ready  for  imaging  is  to  go  look  at  it.  This 
drying  prediction  problem  is  a  very  significant  restriction  to 
scheduling  cost  effective  aerial  survey  because  it  can  requiring 
multiple  revisits  to  properly  image  a  field. 

Additional  interpretation  problems  occur  with  fields  that 
show  multiple  problems  that  can  tend  to  mask  each  other. 
An  example  of  this  would  be  in  fields  with  highly  variable 
soil  moisture  retention  characteristics,  that  when  combined 
with  a  partially  plugged  sprinkler  set  can  make  for  difficulties 
in  interpretation.  The  inherent  soil  moisture  retention 
variation  may  tend  to  hide  the  effects  of  the  low  output 
sprinklers,  and  you  may  not  detect  this  problem  during 
interpretation. 

IRRIGATION  PUMPAVELL  LIMITATIONS 

The  characteristics  of  irrigation  water  sources  often  control 
how  and  when  fields  are  irrigated.  In  many  water 
conservation  areas,  growers  can  only  take  so  much  water  per 
hour  from  the  canals  and  other  water  sources.  In  other 
situations  growers  are  working  off  well  water  and  can  only 
draw  from  the  number  of  wells  available.  Water  wells  are 
expensive  to  drill,  so  growers  usually  have  a  few  as  is 
possible.  Sometimes  pump  equipment  availability  can  also 
restrict  the  irrigation  process.  If  the  grower  has  one  pump  or 
well,  but  ten  fields,  each  of  which  takes  18  hours  to  irrigate. 


Problems 

•  Overwatering 

•  Underwatering 

•  Continuous  watering 

•  No  sun,  no  wind 

•  High  wind 

•  Muck  soils 


Results  in  Imagery 
No  drying 
Dries  too  fast 
No  drying 
No  or  slow  drying 
Dries  fast,  water  blows 
No  drying 


Table  2  Image  Interpretation  Problems 


he/she  will  only  be  able  to  irrigate  about  one  per  day  for  ten 
days  straight.  This  means  that  any  survey  aircraft  contracted 
to  evaluate  his  irrigation  systems  will  have  to  be  over  the 
property  every  day  for  the  week  to  have  a  chance  to  service  all 
his  needs.  The  hard  fact  is  that  the  grower  usually  cannot 
change  pump,  well,  or  water  restrictions  like  these  in  any 
way.  This  problem  is  perhaps  a  single  most  significant 
controlling  element  in  the  irrigation  survey  problem  because 
it  is  an  inherent  limit  to  what  you  can  do  in  one  flight  for 
one  customer. 


OTHER  FACTORS  EFFECTING  IRRIGATION  SURVEY 
OPERATIONS 

Flight  restrictions  --  Conunercial  business  aircraft  can  only 
fly  when  the  conditions  for  safe  flight  permit.  Windy  days  , 
turbulent  air,  etc.  may  preclude  survey  flights. 

Breezy  days  -  Wind  will  cause  the  water  from  the 
sprinklers  to  be  blown  away  from  its  usual  pattern.  Most 
growers  will  not  irrigate  when  the  wind  is  high  (too  much 
evaporation/loss)  but  in  some  cases  they  have  no  choice  due 
to  high  evapotranspiration  rates  caused  by  a  warm  dry  wind. 
In  any  case  the  irrigation  pattern  for  field  irrigated  under  high 
wind  conditions  is  difficult  to  interpret. 


CONSEQUENCES  OF  A  BAD  ANALYSIS 

The  grower  is  counting  on  the  survey  firm  to  provide  a 
good  evaluation  of  the  irrigation  systems  in  the  beginning  of 
the  season.  If  the  irrigation  system  check  is  done  improperly 
and  system  problems  are  not  identified  early  in  the  season, 
they  will  manifest  themselves  later  in  the  season  as  crop 
damage.  It  is  easy  to  spot  irrigation  related  crop  damage 
because  it  follows  the  familiar  circular  irrigation  pattern. 
Because  of  this  it  is  imperative  to  use  proper  image  data  sets 
in  the  interpretation  process.  There  simply  is  no  substitute. 


RECOMMENDATIONS 

The  following  recommendations  are  suggested  to  mitigate 
some  of  the  difficulties  in  agricultural  remote  sensing: 

•  Ensure  grower  cooperation  (commitment)  in 
communicating  field  irrigation  schedules.  This  is  imperative. 

•  Monitor  local  weather  and  model  (estimate)  expected  field 
dying  characteristics  to  avoid  imaging  fields  at  improper 
times 

•  Plan  realistic  and  strict  schedules  around  pump/well  usage 
or  other  restrictions 

•  Take  into  account  a  number  of  required  re-flights  in 
planning  flight  operations  and  resultant  product  cost 
estimations 
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Abstract  -  The  characteristics  of  satellite-derived  landcover  data 
for  climate  models  vary  depending  on  sensor  properties  and 
processing  options.  To  better  understand  the  first  order  effects 
of  differences  in  landcover  data  on  a  land  surface 
parameterization  scheme  (VBATS),  stand-alone  model  runs 
were  performed  for  two  adjacent  2.8°  by  2.8°  GCM  gridcells  in 
Wyoming  using  landcover  from  two  satellite-derived  maps 
(AVHRR,  TM)  and  a  global  landcover  data  set  commonly  used 
in  GCMs.  Substantial  differences  in  prescribed  landcover  were 
found  between  the  three  datasets.  Despite  these  differences,  the 
VBATS  simulated  surface  fluxes  were  similar  in  the  eastern 
gridcell  for  the  two  satellite  data  sets.  In  the  western  giidcell, 
the  partitioning  of  net  radiation  into  sensible  and  latent  heat 
fluxes  was  affected  by  the  relative  proportions  of  wet  cover 
types  (i.e.,  inland  water  and  irrigated  crop)  prescribed  by  the 
two  satellite  data  sets.  This  emphasizes  the  importance  of 
accurately  estimating  the  proportion  of  wet  cover  types  within 
a  GCM  gridcell  in  arid  regions.  Spatial  aggregation  of  the 
satellite  data  sets  reduced  the  number  of  cover  types  used  to 
represent  each  GCM  gridcell.  In  the  western  gridcell,  a 
reduction  in  the  number  of  cover  types  from  1 1  to  2  resulted 
in  differences  in  annual  averages  of  sensible  and  latent  heat 
fluxes  of  about  10%.  Other  simulations  involving  these  data 
sets  suggest  that  these  differences  could  be  reduced  if  the  wet 
cover  types  are  accounted  for.  In  this  respect,  fine  spatial 
resolution  information  is  required  for  some  cover  types 
whereas  coarser  resolution  may  be  adequate  for  other  types. 
Landcover  classifications  for  land  surface  modeling  need  to  be 
based  more  on  model  sensitivities  than  on  traditional 
vegetation- type  schemes. 

INTRODUCTION 

Landcover  data  sets  used  within  most  general  circulation 
models  (GCMs)  are  derived  from  a  wide  variety  of  map  and 
atlas  sources,  e.g.,  [1]  [2].  The  accuracy  of  these  data  sets 
suffers  from  several  limitations.  Reference  [3]  quantified  the 
extent  of  these  inadequacies  by  noting  the  significant 
disparities  in  estimates  of  cover  type  area  and  spatial 
distribution  between  several  ground-based  data  sets. 

Remote  sensing  offers  the  most  promising  means  for 
deriving  improved  global  landcover  maps  [3].  Several  issues 
arise,  however,  regarding  choices  in  remote  sensing 
instruments,  classification  methodology,  and  data  processing 
to  best  meet  the  needs  of  GCMs  [4]. 

The  goal  of  our  work  was  to  quantify  the  effects  of  some  of 
these  choices  by  studying  the  effects  of  forcing  a  stand-alone 
vectorized  version  of  the  Biosphere-Atmosphere  Transfer 


Scheme  (VBATS)  [5]  with  three  landcover  data  sets,  two  of 
which  are  derived  from  satellite  data,  sampled  at  four  spatial 
resolutions  for  two  GCM  gridcells  in  Wyoming. 

Through  comparisons  of  output  from  VBATS  simulations 
conducted  with  these  data  sets,  this  work  addresses  the 
following  questions  in  the  context  of  these  two  gridcells: 

Do  the  satellite-derived  data  sets,  when  aggregated  to  GCM 
gridcell  resolution,  yield  a  different  landcover  type  than  the 
GCM-prescribed  type,  and  if  so,  is  this  difference  significant 
in  terms  of  surface  fluxes  predicted  by  VBATS? 

2.  Is  VBATS  sensitive  to  the  differences  in  landcover 
prescribed  by  the  two  satellite-derived  data  sets? 

3.  Is  VBATS  sensitive  to  a  reduction  in  the  number  of  cover 
types  resulting  from  spatial  aggregation  of  the  data  sets? 

APPROACH 

The  first  of  the  three  data  sets  used  (denoted  here  as  NC2)  is 
a  standard  map/adas-based  data  set  ([2]  as  adapted  by  [6])  and  is 
used  in  the  National  Center  for  Atmospheric  Research 
(NCAR)  Community  Climate  Model  2  (CCM2)  GCM.  The 
NC2  data  set  was  derived  by  associating  one  of  the  18  BATS 
types  with  each  of  the  [2]  types  and  aggregating  by  dominant 
cover  type  to  2.8°  resolution. 

The  second  (EDC)  is  based  on  1km  advanced  very  high 
resolution  radiometer  (AVHRR)  data  and  was  created  by  the 
EROS  Data  Center  using  temporal  normalized  difference 
vegetation  index  (NDVI)  profiles  and  a  variety  of  ancillary  data 
[7].  The  EROS  Data  Center  has  translated  their  159  original 
classes  into  BATS  types. 

The  third  (GAP)  was  assembled  in  response  to  the  need  for 
a  highly  resolved  and  accurate  landcover  map  of  Wyoming  for 
use  with  animal  habitat  models  [8].  Degraded  resolution 
(100m)  Thematic  Mapper  (TM)  data  were  used  to  create  a 
digital  false  color  composite  image  which  served  as  a  basis  for 
manual  photointerpretation  of  nearly  17,000  vector  polygons 
into  41  landcover  types  which  were  then  mapped  into  BATS 
types. 

We  aggregated  the  EDC  and  GAP  data  sets  to  coarser  spatial 
resolutions  of  0.2°  and  0.4°  by  assigning  the  dominant  BATS 
landcover  type  from  the  finer-resolution  data  to  each  coarser- 
resolution  cell. 

The  areas  chosen  for  analysis  correspond  to  two  standard 
CCM2  2.8°  by  2.8°  gridcells  contained  within  the  state  of 
Wyoming.  Both  cells  extend  from  41.9°  N  to  44.7°  N 
latitude.  The  western  cell  (denoted  GWEST)  extends  from 
108.3°  W  to  111.1°  W  longitude,  while  the  eastern  cell 
(GEAST)  extends  from  105.5°  W  to  108.3°  W  longitude. 
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In  VBATS,  the  GCM  gridcell  is  lepiesented  as  a  subcell 
mesh.  Vertical  fluxes  are  assumed  to  dominate  over  horizontal 
ones,  so  each  of  the  subcells  has  its  own  indepaident 
connection  to  the  atmosphere.  The  land  surface 
parameterizations  within  VBATS  are  identical  to  those  of 
BATS  [6],  but  the  vectorized  nature  of  the  VBATS  code 
allows  for  efficient  simulations  of  multiple  gridcells. 

We  performed  eight  VBATS  simulations  for  each  of  the 
GWEST  and  GEAST  gridcells  to  address  the  three  questions 
posed  in  the  introduction.  These  simulations  used  landcover 
prescribed  by  the  NC2,  GAP,  and  EDC  data  sets  at  spatial 
resolutions  of  2.8°,  0.4°,  and  0.2°,  and  at  the  full  spatial 
resolution  of  each  satellite-derived  data  set  (100m  and  1km  for 
GAP  and  EDC,  respectively).  The  number  of  VBATS 
subcells  for  each  simulation  was  determined  by  the  number  of 
cover  types  prescribed  by  each  version  of  the  data  set.  To 
yield  GCM  gridcell  fluxes,  subcell  fluxes  w^e  weighted 
according  to  each  landcover  type's  areal  coverage  within  the 
2.8°  gridcell  and  then  summed. 

One  year's  worth  of  half-hourly  atmospheric  forcings  waje 
derived  from  the  daily  climate  data  of  the 
Vegetation/Ecosystem  Modeling  and  Analysis  Project 
(VEMAP)  database  [9].  Simulations  were  run  for  20  years  and 
results  were  taken  from  the  last  year  of  each  simulation. 

RESULTS 

First,  we  examined  the  sensitivity  of  VBATS  to  differences 
between  NC2,  EDC,  and  GAP  dominant  cover  t^es.  Both 
EDC  and  GAP,  when  aggregated  to  2.8°  resolution  using  a 
dominant  cover  type  rule,  prescribed  the  VBATS  cover  type 
semi-desert  (SD)  in  the  GWEST  domain  while  NC2  prescribed 
evergreen  needleaf  (EN).  In  GEAST,  NC2  and  EDC  prescribed 
short  grass  (SG)  while  GAP  prescribed  SD. 

The  consequences  of  choosing  EN  or  SD  in  GWEST  results 
in  substantially  different  values  for  Q  and  QH  (Table  1).  The 
lower  Q  for  SD  is  primarily  due  to  its  higher  albedo  (0.25  vs. 
0.14  for  EN).  Within  VBATS,  the  important  differences 
between  the  SD  and  EN  cover  type  parameterizations,  besides 
albedo,  are  a  high  fractional  vegetation  cover  for  EN  (0.7-0.8) 
compared  to  SD  (0.0-0. 1),  a  lack  of  prescribed  seasonality  in 
leaf  area  index  (LAI)  for  EN,  and  a  larger  roughness  length  for 
EN  (1.0m)  compared  to  SD  (0.1m).  Due  to  the  relatively  dry 
climate  forcings  used  here  (average  monthly  precipitation  <  30 
mm),  the  significance  of  the  interaction  of  moisture  with 


vegetation  (interception,  transpiration)  was  greatly  reduced. 
Hence,  the  predicted  QE  differed  by  only  a  small  amount 
annually  (1.4  W/m^  ).  The  difference  in  Q  between  SD  and 
EN  was  therefore  primarily  accounted  for  by  QH. 

In  GEAST,  the  effects  on  surface  fluxes  of  choosing 
between  SG  or  SD  for  the  gridcell  landcover  are  smaller.  The 
VBATS  parameterizations  of  SG  and  SD  are  quite  similar  in 
most  respects.  Of  the  14  biophysical  parameters  that  represent 
VBATS  cover  types,  only  two  (maximum  fractional 
vegetation  cover  and  maximum  LAI)  are  notably  different 
between  these  two  cover  types.  SD  is  parameterized  by  a 
small  maximum  fractional  vegetation  cover  (0.1  vs.  0.8  for 
SG)  and  high  maximum  LAI  (6  vs.  2  for  SG).  The  results 
indicate  that  for  these  atmospheric  forcings,  the  combination 
of  high  LAI  and  low  fractional  vegetation  cover  produces 
nearly  the  same  surface  fluxes  as  low  LAI  and  high  fractional 
vegetation  cover. 

Second,  we  examined  the  sensitivity  of  VBATS  to 
differences  between  full  resolution  EDC  and  GAP  land  cover. 
In  GWEST,  EDC  prescribes  the  gridcell  landcover  as  27%  SD, 
20%  EN,  17%  mixed  woodland  (MW),  10%  each  of 
crop/mixed  farming  and  SG,  and  less  than  5%  each  of  other 
cover  types.  In  contrast,  GAP  landcover  consists  of  36%  SD, 
34%  EN,  and  9%  evergreen  shrub,  with  other  cover  types 
each  occupying  less  than  4%  of  the  gridcell.  In  GEAST,  the 
EDC  landcover  components  are  44%  SG,  38%  SD,  and  less 
than  5%  each  of  other  cover  types.  GAP  prescribes  58%  SD, 
20%  SG,  10%  EN,  and  smaller  proportions  of  other  cover 
types. 

Despite  these  substantial  differences  in  landcover,  the 
GWEST  and  GEAST  simulated  annual  surface  fluxes  were 
similar  (EDC.F  and  GAP.F  in  Table  1).  This  can  be 
explained  in  part  by  the  similar  VBATS  parameterizations  of 
EN  and  MW,  and  SG  and  SD.  If  each  of  these  similar  pairs  of 
cover  types  are  grouped  into  a  single  cover  type,  then  EDC 
and  GAP  agree  on  75%  of  the  gridcell  landcover  for  GWEST 
and  80%  for  GEAST. 

Monthly  flux  differences  were  of  the  same  magnitude  as  the 
aimual  flux  differences  with  the  exception  of  (JE  in  GWEST 
where  differences  in  QE  were  up  to  8  W/m^  in  the  summer 
months.  An  analysis  of  the  subcell  fluxes  revealed  that  this 
difference  in  QE  was  primarily  related  to  the  relative 
proportions  of  the  wet  cover  types  (inland  water  (IW)  a^ 
irrigated  crop  (IC))  prescribed  by  each  data  set.  Within 
VBATS,  the  fW  and  IC  cover  types  are  modeled  as  saturated 


Table  1.  Annual  averages  of  net  radiation  (Q),  sensible  (QH),  and  latent  (QE)  heat  fluxes  in  W/m^  for  GWEST  and  GEAST 
simulations.  EN  (evergreen  needleaf),  SD  (semi-desert),  and  SG  (short  grass)  refer  to  simulations  where  the  gridcell  consists  of 
100%  of  these  cover  types  .  The  GAP.F  and  EDC.F  simulations  use  landcover  prescribed  by  the  full  spatial  resolution  of  the 
GAP  (100m)  and  EDC  (1km)  data  sets.  The  GAP.2  and  GAP.4  simulations  use  landcover  prescribed  from  the  GAP  data  set  at 
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39.1 
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30.3 
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32.3 
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soil  and  soil  at  field  capacity,  respectively.  GAP  and  EDC 
classified  6%  and  2%  of  the  gridcell  as  inland  water/irrigated 
crop.  For  the  dry  climatic  forcings  used  here,  even  small 
proportions  of  these  wet  cover  types  substantially  increased 
the  availability  of  moisture  in  the  gridcell.  The  larger 
proportion  of  wet  cover  types  in  GAP  relative  to  the  EDC  data 
caused  a  higher  QE  during  the  summer  months  when  energy 
was  present  to  evaporate  the  increased  available  soil  moisture. 
In  GEAST,  the  wet  cover  types  only  occupy  3%  and  1%  of 
the  GAP  and  EDC  gridcell  landcover,  respectively,  so 
differences  in  QE  are  smaller. 

Lastly,  we  looked  at  VBATS  sensitivity  to  a  reduction  in 
the  number  of  landcover  types  modeled  within  a  gridcell.  For 
brevity,  we  focus  on  a  comparison  between  VBATS 
simulations  using  the  reduced  resolution  versions  of  the  GAP 
data  set  (GAP.2,  GAP.4)  and  the  full  resolution  GAP  data  set 
(GAP.F)  in  GWEST  only.  Average  annual  Q  was  slightly 
higher  for  GAP  at  coarse  spatial  resolution  than  at  finer  spatial 
resolution  (Table  1).  QH  increased  and  QE  decreased  as  the 
number  of  cover  types  was  reduced  with  aggregation.  The 
changes  in  QH  and  QE  were  largest  in  the  months  of  ApriL 
October.  Part  of  the  reduction  in  QE,  and  therefore,  some  of 
the  increase  in  QH  during  these  months  can  be  attributed  to 
the  reduction  or  elimination  of  the  wet  cover  types  in  the 
coarser  resolution  data  sets.  The  reduction  in  QE  was  largest 
for  GAP,  which  at  full  resolution  had  the  largest  wet  cover 
type  component  (6%).  In  the  winter  months,  snow  and  cold 
temperatures  combined  to  reduce  the  effects  of  the  wet  cover 
types  on  surface  fluxes  at  the  various  spatial  resolutions. 

CONCLUSIONS 

Comparison  of  two  satellite-derived  landcover  data  sets  with 
a  standard  map/atlas  based  data  set  commonly  used  in  GCMs, 
revealed  substantial  differences  in  the  areal  proportions  of 
landcover  types  within  two  2.8“  x  2.8“  Wyoming  GCM 
gridcells.  Aggregation  of  the  satellite-derived  landcover  data  to 
the  GCM  gridcell  resolution  resulted  in  a  different  designation 
of  landcover  for  both  gridcells  than  is  used  in  the  standard 
map/atlas  product.  In  the  western  gridcell,  this  resulted  in 
substantial  differences  in  surface  fluxes  simulated  by  a  land 
surface  parameterization  scheme.  In  the  eastern  gridcell,  the 
resulting  differences  in  surface  fluxes  were  smaller  because  of 
the  similar  biophysical  parameterization  of  the  two  cover 
types  prescribed  by  the  data  sets.  These  results  support  the 
assertion  that  accurate  satellite-derived  landcover  data  sets  are 
needed  to  replace  outdated  and  inaccurate  prescriptions  of 
landcover  within  current  GCMs  [3]. 

The  sensitivity  of  VBATS  to  small  proportions  of  wet 
cover  types  (e.g.,  inland  water  and  irrigated  crop)  when 
landcover  heterogeneity  is  explicitly  modeled,  emphasizes  that 
the  consequences  of  ignoring  the  potential  contribution  of 
certain  cover  types  to  the  relative  distribution  of  surface  fluxes 
can  often  be  disproportionate  with  respect  to  their  areal 
coverage  within  the  gridcell.  Land  surface  parameterizations 
have  advanced  to  the  point  where  gridcell  landcover  can  now  be 
modeled  using  more  than  one  landcover  type.  The  choice  of 
which  landcover  types  to  use  should  be  evaluated  with  respect 


to  the  landcover  composition  within  the  gridcell  and  each 
cover  type's  response  within  the  model  to  the  range  of 
atmospheric  forcing  it  might  experience. 

In  general,  these  results  suggest  that  the  value  of  high 
resolution  landcover  data  sets  depends  on  the  presence  of 
certain  critical  landcover  types  and  on  the  biophysical 
differences  among  other  types.  Landcover  classification 
schemes  for  climate  modeling  should  ideally  be  flexible  in 
terms  of  spatial  resolution  and  information  content  to  take 
account  of  model  sensitivities  to  different  surface  conditions. 
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INTRODUCTION 

Landscapes  are  the  complex  systems  changing  in  time,  which 
include  components  described  in  different  spatial  scales.  Plant 
communities  (PCs)  are  their  components,  in  which  different 
processes  of  dynamic  interaction  with  the  environment  are 
taking  place  in  their  own  spatial  scales.  Hence,  many 
problems  of  our  understanding  of  PCs  in  their  landscape 
context  such  as  scaling  from  PCs  to  the  landcape,  vegetation 
mosaics  and  landscape  pattern  and  within-community  spatial 
processes  demand  multiresolution  approaches  for  their 
resolving.  Therefore,  use  of  wavelet  approach  (WA)  seems  to 
be  prospective  for  these  studies,  because  multiresolution 
methods  enable  the  extraction  of  a  spatial  structure  hierarchy 
of  vegetation  in  the  defined  spatial  limits. 

A  special  property  of  PCs  as  an  object  of  the  study  is  a 
multilevel  organization  of  their  mosaic  spatial  structure.  This 
makes  it  somewhat  difficult  to  state  the  study  odject  within 
PCs.  The  use  of  WA  might  essentially  simplify  the  situation. 

In  the  present  study  the  possibility  is  addressed  of  the  use  of 
wavelet-method  to  obtain  the  thematic  map  of  PCs  within  the 
landscapes  and  making  the  map  usable  for  comparative 
analysis  with  the  maps  of  different  factors,  effects  of  which  is 
studied. 

The  necessity  of  the  use  of  multispectral  images  (MSIs)  is 
due  to  the  demand  of  large  number  of  spectral  zones  to  obtain 
information  needed  for  segmentation  of  natural  (including 
plant)  object  image.  Output  of  this  procedure  is  essentially 
enriched  due  to  a  synergetic  effect,  which  might  be  discribed 
in  terms  of  polyfeatures  compozed  by  spectral  features 
(particularly  brightnes)  of  MSIs. 

Conducted  by  authors  analysis  of  many-dimensional 
gistogram  of  MSIs,  received  at  research  of  plant  communities 
(PCs)  and  other  natural  objects,  has  shown,  in  particular,  that 
the  compactness  of  spectral  patterns  of  objects  tends  to  grow 
with  increasing  of  dimension  of  the  space  of  spectral 
attributes  (number  of  channels  of  a  scanner).  This  fact  may  be 
interpreted  as  follows:  in  the  feature  space  with  an  increase  of 
its  number  of  components  of  MSI  the  distances,  determined, 
for  example,  as  an  Euclidean  metric,  between  pixels, 
belonging  to  the  same  object  or  class  of  objects,  will  be 
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reduced  concerning  distances  between  pixels,  belonging  to 
objects  of  different  classes.  Hence,  with  increasing  of  number 
of  components  of  MSI  (its  dimension),  the  strengthening  of 
synergetic  effect  can  be  expected.  The  specified  effect 
consists  of  the  fact  that  the  semantic  information  of  MSI  is 
contained  more  than  it  is  possible  to  receive  at  consecutive 
interpretation  of  a  sum  of  its  zone  components. 

Success  of  a  solution  of  the  task  of  semantic  labelling  of  the 
segmented  domains  of  MSI  is  largely  dependent  on  the 
presentation  form  of  the  studied  video-information  for  its 
constructive  interpretation.  T1  e  traditional  approach  of 
semantic  labelling  on  the  basis  of  learning  patterns  is  often 
unacceptable  for  plant  patterns  due  to  their  particular  variety. 
Therefore,  the  method  of  the  expert  evaluation  is  more 
adequate  which  requires  facilitation  not  only  of  the  use  of 
professional  knowledge  and  experience,  but  aslo 
psychofisiological  conditions  of  image  perception  by  the 
specialist. 

USING  THE  WAVELET  APPROACH  IN 
SEGMENTATION  OF  MULTISPECTRAL  IMAGES 

Not  being  segmentational,  the  WA  can  obviously  be  used  in 
large  segmentation  algorythms  with  multiple  sorting  out  for 
its  optimization  and  calculation  amount  minimization 
according  to  the  following  scheme: 

•  zonal  components  of  a  given  MSI  are  wavelet- 
transformed,  providing  a  set  of  MSIs  with  a  lowered 
spatial  resolution; 

•  the  wavelet  transform  pyramid  level  is  chosen  to  assure 
successful  segmentation,  and  segmentation  of  the  chosen 
image  is  carried  out; 

•  basing  on  the  segmentation  results  performed  at  the  above 
stage,  the  segmentation  of  the  subsequent  MSI  situated 
lower  in  the  pyramide  is  carried  out  with  a  higher 
resolution. 

The  most  interesting  from  this  point  of  view  is  the  case  of 
segmentation  by  the  hierarchical  clustering  (HC).  The  HC 
method  has  been  proposed  quite  a  time  ago  and  is 
successfully  applied  with  relatively  small  set  of  selected 
elements  (that  is,  much  smaller  than  the  number  of  pixels  in 
the  images  practically  used),  while  the  number  of  features 
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analysed  is  high  enough  (several  hundreds).  Taxonomy  is  an 
example  of  a  successful  application  of  the  method.  The  set 
dimension  is  limited  because  of  the  globality  of  HC 
transform,  thus  increasing  in  a  geometric  progression  manner 
the  number  of  calculations  with  the  set  dimesions. 

Segmentation  of  MSIs  by  HC  method  looks  promising 
because,  on  one  hand,  it  allows  to  analyse  the  MSI  of  high 
dimension,  and  on  the  other  hand,  it  allows  to  present  the 
results  as  an  hierarchical  structure.  It  is  interesting  to  compare 
the  hierarchical  clustering  method  to  the  wavelet  one,  and  to 
combine  them  in  a  more  powerfull  MSI  analysis  method. 

The  HC  method  allows  to  analyse  adequately  the 
morphological  structure  of  the  studied  objects,  while  WA 
allows  to  analyse  their  spatial  organization.  It  should  be 
noticed  that  WA  does  not  limit  the  size  of  the  data  set  used, 
because  the  transforms  used  are  local,  but  limits  significantly 
the  dimension  of  the  data  analysed  (for  the  first  thing,  the 
dimension  of  the  output  set  is  increased  during  the  wavelet 
transform;  secondly,  increasing  the  dimension  of  the  feature 
space  its  volume  grows  in  a  geometric  progression  mode 
while  the  data  volume  is  not  changed,  rising  therefore  the 
number  of  useless  calculations).  As  far  as  we  know,  the  HC 
method  has  not  been  used  priveously  for  image  segmentation. 
Therefore  we  state  here  its  brief  description. 

Multispectral  image  hierarchical  clustering  method: 

Let  is  A-dimensional  historgam  of  the  MSI 

l(x,y)={lj(x,y)},  (x,y)^W,  0<Ij(x,y)<M,  j=},..,N  in  discrete 
feature  space  of  A-dimension,  where  n  -  zone  component 
number,  N=max(n),  W  -  picture  plane  domain. 

Let  us  define  set  connectivity.  Let  H  -  metric  set.  H  -  r- 
connected,  if  for  arbirary  pair  (a,  b)  of  elements  of  set  H  such 
sequence  of  elements  {x},...,xn}  of  this  set,  Xj=a,  x„=b  exists, 
that  distances  d(Xj,Xi^j)  are  not  more  than  r.  Denote  the  r- 
connected  set  by  Consider  set  G  of  nonempty  cells  of 
histogram  Denote  its  connectivity  by  R  and 

define  it: 

R  =  min  (r\G  -  r-connectedj  (1) 

Then  G=G/^.  It  is  possible  to  separate  subsets  Gj^.j  of  set  Gy^, 
then  repeating  this  procedure  for  Gy^_2  and  so  on,  we  obtain 
following  hierarchy  of  feature  space  subsets: 

Gy^  =  U  Gj^.j  (I }), 

Jl 

^rO  h  ■  •  jR-r)  ~  ^  ^r-hOh-  J R-r+ 1) 

jk-r+I 

G, 0 1.-, jR-,)  =  VG„(j, (2) 

Jr 

The  obtained  hierarchy  (1)  correspond  graph,  nodes  of 
which  can  be  described  by  following  system  of  numbers 
(rJi,..jRj.  A  unique  lable  is  assigned  to  every 

element  of  each  branch  of  graph  on  level  r.  Then  one  obtains 
set  of  segmented  images  (S^y^^y)}- 


If  the  above  procedure  is  difficult  to  execute  due  to  a  large 
number  of  calculations,  it  is  possible  to  carry  out  this  task  by 
using  the  WA  within  the  above  scheme.Obviously  in  the 
feature  space  the  historgam  of  MSI  can  differ  from  histogram 
of  the  wavelet-transformed  image  so  that  clusters  of 
contiguous  objects  on  the  image  would  be  percolated  on 
histogram  of  the  wavelet-transformed  image  and 
nonpercolated  on  histogram  original  one.  Therefore  the 
procedure  of  HC  of  MSI  would  be  economizer  if  it  would 
fulfill  in  two  or  three  step:  at  first  an  upper  level  image  of 
waveletpyramid  is  segmented,  which  consists  of  significantly 
less  pixel  than  lower  level  images;  then  the  domains  created 
by  projection  of  upper  segments  are  processed  separately. 
This  procedure  can  be  repeated  anti  11  bottom  of  wavelet 
pyramid  is  attained. 

HIERARCHICAL  REPRESENTATION  OF  THE 
MULTISPECTRAL  IMAGE  AND  ITS  INTERPRETATION 

The  methods  of  the  clustering  analysis  and  wavelet  analysis 
are  used  at  revealing  of  various  aspects  of  a  hierarchical 
structure  of  data.  As  it  is  can  be  seen  from  their  comparison 
stated  above,  they  mutually  complement  each  other  and, 
hence,  can  be  used  for  revealing  a  generalized  hierarchical 
MSI  structure.  We  propose  the  following  circuit  of  a 
combination  of  these  methods: 

•  Hierarchical  clustering  of  the  MSI  is  carried  out,  as  a 
result  of  which  hierarchical  set  of  the  images  is  received, 
which  present  the  structural  information  on  the  initial  MSI 
with  a  various  degree  of  detailed  elaboration. 

•  The  researcher  involving  his  expert  opportunities 
conducts  choosing  of  levels  of  hierarchy,  and  the  scale  of 
research  given  to  objects. 

•  The  segmented  images  of  chosen  levels  of  hierarchy  are 
subjected  to  wavelet  transform  for  the  analysis  of  features 
space  organization  of  set  of  objects  -  PCs  detected  on  the 
image. 

At  interpretation  submitted  with  the  method  stated  above  of 
MSI  the  user  has  a  opportunity  to  analyze  a  graph  and 
hierarchical  set  of  the  resulting  images  by  moving  within  the 
hierarchy  either  in  the  vertical  (for  choice  of  the  level  of 
interpretation  of  the  image),  or  in  the  horizontal  direction  (for 
the  visual  analysis  of  a  chosen  segment  of  the  image  on  any 
of  hierarchical  levels  and  supervision  of  changes,  occurring  in 
a  structure  of  a  of  given  segment  at  moving  from  one  level  to 
the  other). 

The  object  determined  by  level  (cluster,  received  semantic 
label)  can  be  subjected  to  the  analysis  and  at  lower  levels  of 
hierarchy,  on  which  it  is  possible  to  reveal  details  of  its 
structural  and  space  organization.  The  specified  procedure 
appears  especially  useful  at  analysis  of  such  objects,  as  PCs. 

It  should  be  noticed,  that  in  common  case  the  results  of 
clustering  depend  on  choice  of  the  metric  of  the  feature  space. 
The  choice  of  Euclidian  metric  assumes,  that  the  space  of 
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attributes  is  isotropic.  Therefore,  for  realization  of  a  correct 
HC  it  is  necessary  to  normalise  the  data  so  that  the  attributes 
of  researched  object  in  all  zones  would  have  the  same  average 
significances  and  variances.  In  case  of  several  researched 
objects,  possessing  attributes  of  various  nature,  at 
normalization  of  the  zone  images  there  are  the  contradictions. 
The  opportunities,  created  by  the  proposed  method,  permit  to 
conduct  research  of  objects  at  different  hierarchical  levels.  By 
virtue  of  that  linear  brightness  transformations  influence  only 
the  level  of  hierarchy  in  cluster-hierarchical  representation  of 
the  objects  of  MSI,  on  which  they  are  displayed,  therefore  the 
mentioned  normalizing  problem  is  avoided. 

RESULTS  AND  DISCUSSION 

We  used  the  airbom  MSI  of  vicinities  of  Kazan,  received  by 
5-channel  scanner,  two  of  which  channels  were  in  visible, 
two  -  in  near  IR  and  one  -  in  the  far  IR. 

To  obtain  a  thematic  map  of  PCs  and  test  its  interpretation 
the  segmented  image  was  compared  with  the  topographical 
map  of  scale  1:10000.  Testing  and  correction  of  segmentation 
results  was  carried  out  on  the  basis  of  the  on-ground 
observation  and  expert  knowledge. 

The  results  of  HC,  executed  with  developed  method,  were 
submitted  as  an  hierarchical  database,  containing  till  each  of 
hierarchical  levels  information  about  quantity  of  clusters,  the 
sizes  of  each  cluster  in  pixels  and  quantity  of  lower  levels,  on 
which  the  given  cluster  continues  to  be  divided  on 
subclusters. 

The  interpretation  of  received  hierarchy  of  objects  has 
shown,  that  at  the  top  levels  of  graph  separation  on  classes  of 
antropogenical  and  natural  objects  takes  place,  further  -  on  a 
branch  of  natural  objects:  water,  soil  and  plant  objects;  further 
along  the  plant  branch  -  on  PCs  types:  herbs,  brushwoods, 
forests,  etc.;  then  -  on  pure  PCs  and  so  on  -  up  to  separate 
plant  populations.  Thus,  the  initial  levels  of  branching  of  the 
classification  tree  correspond  to  division  of  objects  into  large 
classes,  and  finally,  at  the  sufficient  space  resolution, 
correspond  to  individual  objects. 

Between  these  extremal  cases,  the  hierarchic  levels  are 
situated  which  have  the  elements  classified  by  objects  with 
increasing  specificity  studied  in  the  downward  hierarchical 
direction. 

On  the  thematic  map  reflecting  the  data  of  one  of  the  lowest 
segmentation  levels  of  multizonal  image  studied,  the  terminal 
clasters  were  chosen  which  were  shown  by  the  on-ground 
observations  to  correspond  to  the  following  objects: 

•  mixed  leaf  forest  (Tilia  cerdata  Mill.,  Acer  platanoides  L., 

Betula  pubescens  Ehrh.); 

•  Pinus  sylvestris  L.  area; 

•  Populus  tremula  L.  area,  etc. 

Obtained  space  patterns  of  specified  PCs  or  populations  were 
transformed  into  the  form  of  the  binary  images,  which  then 
were  subjected  wavelet-transform.  Received  for  each  of 


researched  objects  the  multiresolusion  sets  of  the  images  were 
used  for  the  comparative  analysis  of  these  components  of  a 
landscape  with  various  factors,  submitted  at  appropriate 
levels  of  resolution. 

The  interpretation  of  received  results  has  shown,  that  the 
proposed  method  permits  to  divide  reliably  on  the  image  the 
areas,  distinguished  not  only  for  a  plant  type,  but  also  on 
complex  factors,  influencing  on  conditions  of  flora.  So  the 
leaf  forest  file,  two  clusters  are  submitted,  one  of  which 
corresponds  to  the  mixed  leaf  forest  on  hillside,  other  -  mixed 
leaf  forest  on  low  humid  plain  near  the  river  coast.  If  the 
population  Populus  tremula  takes  the  area  on  the  bottom  of 
ravines,  Pinus  sylvestris  has  appeared  less  similar  and  was 
precisely  divided  into  two  subpopulation,  located  on  hillsides 
of  ravines  and  low  humid  plain. 

The  wide  opportunities  of  the  proposed  method  are 
demonstrated  by  the  example  of  revealing  on  the  interpretive 
MSI  clusters,  containing  objects,  sizes  of  which  are  less  sizes 
of  a  image  pixel  in  the  object  space.  In  this  case  such  objects 
as  country  cottages  have  appeared,  the  average  area  of  which 
made  in  a  whole  5-10  %  of  the  pixel  area.  These  objects  were 
not  located  on  anyone  zone  image,  however  the  synergetic 
effect  of  the  joint  analysis  of  five  components  of  MSI  realized 
by  the  proposed  method  allowed  to  allocate  the  clusters 
appropriate  to  them  already  at  the  top  levels  of  its  hierarchical 
representation. 

CONCLUSION 

For  the  analysis  of  landscapes,  the  method  of  MSI 
representation  as  a  uniform  space-morphological  hierarchy  of 
the  segmented  images  is  proposed,  convenient  for  their  direct 
interpretation  by  a  person  and  for  the  classification  on  the 
basis  of  expert  knowledge.  The  basis  of  the  proposed 
segmentation  method  the  HC  approache  in  a  combination 
with  wavelet-transform.  In  the  proposed  method  the  wavelet- 
transform  is  used  for  the  solving  of  two  problems: 

•  Preparation  of  data  for  convenient  HC,  enabling  to 
execute  MSI  segmentation. 

•  To  present  MSI  in  a  form,  convenient  for  recognition  by 
generalization  of  a  spatial  and  morphological  structure  in 
a  uniform  hierarchy. 

It  is  shown  in  the  above  examples,  that  the  proposed 
method  gives  the  expert  an  opportunity  to  successfully 
interprete  MSI  on  the  basis  of  brightness  polyfeatures,  using 
the  expert  knowledge. 

This  result  may  be  useful  for  different  geobotanical, 
syntaxonomical  and  ecological  interpretations.  Analysis  of 
this  type  of  representation  has  a  large  potential  for  yielding 
information  about  influence  of  different  factors  on  the 
environment. 

The  proposed  methods  provide  a  promising  approach  to 
understanding  the  vegetation  patterns  by  analyzing  the 
remotely  sensed  MSIs. 
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Abstract  --Regional  climate  simulations  can  benefit  from  data 
sets  that  depict  seasonal  and  inter-annual  variability  of 
surface  conditions  at  relatively  fine  spatial  resolution. 
Remotely-sensed  data  can  provide  such  information. 
However,  a  variety  of  data  processing  and  algorithmic  issues 
become  apparent  when  attempting  to  link  satellite  products 
with  modeling.  Here,  we  review  the  assembly  of  existing 
remotely-sensed  products  to  support  a  regional  climate 
modeling  experiment,  and  summarize  lessons  learned 
regarding  applicability  of  existing  land  products  to  modeling 
applications. 

OBJECTIVES 

The  work  presented  here  describes  the  data-assembly 
component  of  a  regional  modeling  experiment  designed  to 
explore  the  application  of  moderate-resolution  satellite  data 
for  simulations  of  land  surface  processes.  This  experiment 
represents  a  “prototype”  of  the  regional  modeling 
applications  to  be  supported  by  the  Earth  Observing  System 
Distributed  Information  System  (EOSDIS)  when  the  Earth 
Observing  System  (EOS)  is  fully  operational.  The  goal  of 
this  data-assembly  component  of  the  prototype  is  to  explore 
the  practical  problems  of  identifying  and  applying  satellite- 
derived  products  as  land-surface  boundary  conditions  and 
parameterizations  within  climate  simulations.  Objectives  are 
to:  1)  locate  and  assemble  data  sets  most  applicable  to  land 
components  of  climate  models;  2)  from  these  data  sets,  derive 
specific  products  suited  for  regional  modeling;  and  3) 
recommend  data  processing  strategies  to  facilitate  modeling 
uses  of  EOS  data. 

INTRODUCTION 

In  the  last  decade,  the  importance  of  land  surface  effects 
in  climate  modeling  has  been  increasingly  recognized. 
Research  into  the  influences  of  surface  conditions  on  regional 
and  global  climate  has  resulted  in  a  new  understanding  of 
land  surface  effects  and  progress  toward  simulating  them. 
Remotely-sensed  data  sets  can  contribute  to  the  development 
and  applications  of  surface  process  models  as  sources  of 
improved  time-  and  space-varying  parameterizations  [1],  as 
well  as  for  the  more  typical  applications  as  validation  sets. 
However,  practical  problems  arise  in  locating  and  assembling 
the  large  amounts  of  data  needed  to  cover  model  domains. 
More  fundamental  concerns  are  involved  in  reconciling 
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differences  between  the  information  requirements  of  models 
and  the  types  of  information  obtainable  from  satellites. 

To  define  data  requirements  and  processing  strategies  for 
climate  modeling  during  the  EOS  era,  a  prototype  EOS-era 
data  set  is  being  assembled  to  support  regional  climate 
simulations  for  flood  and  drought  years  in  the  Upper 
Mississippi  Drainage  Basin.  The  modeling  applications  of 
these  data  are  twofold:  1)  to  provide  inter-annually  varying 
surface  conditions  in  place  of  the  prescribed  parameters  and 
climatologies  in  the  model;  and  2)  as  validation  data  for 
comparison  to  model  output.  This  database  covers  a  model 
domain  of  1440  km  by  1440  km.  Included  are  time  series  of 
AVHRR  imagery,  SSM/I  brightness  temperatures,  derived 
parameters  from  NASA  Pathfinder  sets,  and  ancillary 
information  such  as  drainage  networks,  digital  elevation  data, 
and  ground  observations  of  flood  conditions. 

SURFACE-MODEL  DATA  REQUIREMENTS 

The  remote  sensing  requirements  considered  here  address 
the  information  needs  of  the  Biosphere-Atmosphere  Transfer 
Scheme  (BATS)  model  [2],  a  land-atmosphere  transfer 
scheme  (LATS)  typical  of  the  type  found  in  many  climate 
models,  including  CCM2  and  the  regional  climate  model, 
RegCM2  [3,4].  BATS  treats  a  variety  of  processes  that 
control  the  transfer  of  heat,  moisture,  and  momentum 
between  the  land  surface  and  atmosphere,  and  thus  includes 
information  pertaining  to  a  range  of  surface  conditions.  Our 
specific  application  of  BATS  involves  modifying  the  BATS 
scheme  to  accept  parameters  from  remotely  sensed  data  in 
stand-alone  mode  (e.g.,  uncoupled  from  the  atmosphere),  for 
eventual  application  of  this  BATS  version  within  the  fully- 
coupled  RegCM2  model.  These  time-  and  space-varying 
remotely-sensed  surface  conditions  are  then  used  in  place  of 
the  existing  climatology-based  prescriptions  in  BATS 

Of  the  parameters  used  in  BATS  to  specify  surface 
conditions,  six  parameters  have  been  identified  with  the 
potential  to  be  derived  from  the  remotely  sensed  data  sets  and 
which  will  incorporate  the  desired  variability  into  the  model. 
These  are  the  fraction  of  vegetation,  bare  soil,  and  water, 
green  leaf  area  index  (LAI),  aerodynamic  roughness,  and 
broadband  albedo. 
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SATELLITE  REMOTE  SENSING  PRODUCTS 

In  keeping  with  the  project  objectives,  the  remotely- 
sensed  products  must  provide  these  parameters  in  sufficient 
spatial  and  temporal  detail  and  with  sufficient  accuracy  (or 
potential  accuracy  using  EOS  instruments)  such  that  the  data 
sets  help  minimize  uncertainties  in  the  climate  model.  With 
this  in  mind,  the  satellite  remotely-sensed  data  sets  assembled 
to  date  into  a  common  projection  within  a  geographic 
information  system  are  the  Pathfinder  AVHRR  Land  (PAL) 
data,  NOAA/NASA  Pathfinder  SSM/I  Land  Products, 
Conterminous  U.  S.  14-day  Normalized  Difference 
Vegetation  Index  (NDVI)  Composite,  and  Conterminous  U. 
S.  Land  Cover  data  sets.  Spectral  and  temporal  coverage, 
spectral  resolution,  and  availability  were  the  criteria  used  to 
select  these  data  sets.  Additional  observations  of  flooding 
and  stream  conditions  were  obtained  from  the  recently 
released  Global  Energy  and  Water  Cycle  Experiment 
(GEWEX)  Continental-Scale  International  Project  (GCIP). 

The  PAL  products  consist  of  a  processed  set  of  data  from 
AVHRR,  distributed  by  the  Goddard  Space  Flight  Center 
(GSFC)  Distributed  Active  Archive  Center  (DAAC).  The 
PAL  products,  currently  available  from  1983  through  August 
1993,  contain  daily  data  sets,  as  well  as  a  ten-day  composite 
of  NDVI  data,  at  8  km  resolution  derived  fi*om  Global  Area 
Coverage  (GAC)  imagery. 

The  Conterminous  U.S.  AVHRR  Biweekly  Composites 
are  a  product  of  the  EROS  Data  Center  (EDC),  and  are 
derived  from  AVHRR  High  Resolution  Picture  Transmission 
(HRPT)  data  and  distributed  at  1  km  resolution  [5].  NDVI 
and  individual  channel  values  have  been  produced  for  1990- 
1993.  A  companion  to  the  biweekly  composites  is  the 
Conterminous  U.  S.  Land  Cover  Characteristics  product 
generated  by  EDC  using  the  NDVI  time  series  in  conjunction 
with  ancillary  information  to  classify  the  surface  into  159 
cover  types  for  1990  [6].  Also  included  is  the  land  cover 
mapped  from  those  159  types  to  the  landcover  classes  used 
by  BATS. 

Assembly  of  these  data  sets  involved  collection  of 
pertinent  information  from  Internet  sites  and  archive  centers, 
including  the  EOS  DAACs.  In  general,  the  availability  of 
documentation,  online  links  to  other  information,  and 
availability  of  assistance  in  using  the  data  represent 
substantial  gains  in  improving  the  usefulness  of  data  sets.  A 
major  shortcoming  of  the  current  Version  0.  DAAC  data 
retrieval  system  is  the  lack  of  a  subsetting  capability,  which 
entailed  ordering  and  processing  large  volumes  of  data 
beyond  that  needed  for  the  model  domain.  This  capability  is 
planned  for  the  DAACs.  Other  issues  related  to  this  data 
assembly  effort  include  non-uniform  media  and  formats  from 
different  data  centers,  and  the  fundamental  difficulties  of 


processing  the  data  volumes  needed  to  support  climate 
simulations. 

BATS  PARAMETER  DERIVATION 

The  following  describes  some  of  the  basic  steps  being 
used  to  convert  the  above  data  sets  into  the  specific 
parameters  appropriate  for  ingest  into  the  BATS  model. 

Vegetation  Fractional  Coverage  This  parameter  has  been 
derived  from  the  14-day  NDVI  composite  data  set,  using  a 
threshold  algorithm  described  by  Loveland,  et  al  [6].  NDVI 
thresholds  are  used  to  determine  whether  vegetation  is 
present  in  the  sensor's  nominal  1  km  field  of  view.  Since 
RegCM2  will  be  run  using  60  km  grid  cells  for  our 
experiments,  the  data  must  be  aggregated  from  the  source 
resolution  to  the  grid  cell  size  of  the  climate  model.  The 
AVHRR  derived  fractional  coverages  thus  provide  the  means 
to  introduce  spatial  as  well  as  temporal  variability  into  the 
climate  model,  although  the  aggregation  process  must  be 
done  with  modeling  needs  in  mind  [7]. 

Bare  Soil  and  Water  Fractional  Coverages  Originally,  our 
intent  was  to  use  the  EDC  bi-weekly  NDVI  data  to  determine 
bare  soil  and  water  fractional  coverages  within  the  model 
domain.  However,  the  compositing  method  to  generate  the 
original  data  set  precludes  this  application.  By  compositing 
using  the  highest  NDVI  value  (which  works  well  for 
vegetation)  this  method  gives  indeterminate  information  on 
whether  the  non-vegetated  pixels  are  bare  soil,  water,  ice, 
snow,  or  clouds.  To  produce  the  fractional  soil  and  water 
coverages  therefore  requires  using  the  spectral  information 
available  from  the  PAL  data  sets,  albeit  with  the  tradeoff  of  8 
km  versus  1  km  resolution.  The  discrimination  algorithm 
being  implemented  is  a  simple  multispectral  classifier  using 
AVHRR  channels  1,  2,  and  4.  An  extension  of  this  task  is  to 
quantify  how  much  information  is  lost  using  the  8  km  versus 
1  km  data,  before  and  after  aggregating  to  model  resolution. 

Leaf  Area  Index  LAI  is  a  measure  of  the  biomass  of  the 
vegetative  canopy.  It  can  be  determined  fi'om  the  fractional 
photosynthetically  active  radiation  (FPAR),  which  is  a  linear 
function  of  the  simple  ratio  [1]  of  the  visible  and  near 
infrared  channels  of  the  AVHRR  instrument,  or  from  the 
NDVI  which  is  also  derived  from  those  two  channels.  This 
data  has  been  calculated  from  the  14-day  NDVI  composite 
coverage  at  1  km  resolution. 

Other  Parameters  Vegetation  types  derived  from  the  EDC 
conterminous  U.  S.  products  are  supplied  to  BATS  as 
boundary  conditions.  The  original  BATS  classes  in  the  EDC 
product  include  some  apparent  misclassifications.  Selected 
EDC  BATS  class  assignments  were  therefore  modified  based 
on  further  analysis.  Additional  products  yet  to  be  generated 
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for  the  Upper  Mississippi  model  domain  include  albedo  and 
aerodynamic  roughness.  Calculation  of  albedos  required  by 
BATS  awaits  selection  of  an  appropriate  method  for 
conversion  from  spectral  albedo  to  broadband  or  short-wave 
and  near-infrared  albedos.  Plant  canopy  conditions  provide 
some  indication  of  aerodynamic  resistance,  used  by  BATS  to 
estimate  movement  of  heat,  moisture,  and  momentum  flux 
from  a  reference  level  to  some  other  level  in  the  overlying 
air.  Roughness  lengths  will  be  estimated  using  the  first-order 
closure  model  described  by  Sellers  [4]  that  incorporates 
remotely-sensed  vegetation  parameters. 

NOAA/NASA  SSM/I  Pathfinder  land  products  contain 
data  derived  from  the  SSM/I  instrument  at  25  km  resolution. 
As  with  the  PAL  data,  coverage  is  global.  One  product  of 
particular  value  to  land  surface  modeling  is  the  soil  moisture 
content.  This  product,  along  with  SSM/I  derived 
precipitation  rate,  will  be  used  for  general  comparison  with 
model  results  rather  than  as  forcing  within  the  model,  since 
uncertainties  in  the  products  remain  quite  large. 

RESULTS  AND  CONCLUSIONS 

In  summary,  multivariate  data  comparable  to  those 
planned  for  EOS  have  been  assembled  for  use  in  regional 
climate  modeling  experiments.  Decision  rules  are  applied  to 
these  data  to  delineate  fractional  vegetation  cover,  bare  soil, 
and  flooded  areas.  These  basic  classes  are  combined  with 
uses  AVHRR-derived  landcover  types  to  specify  surface 
conditions  for  the  regional  model's  vegetation-atmosphere 
transfer  scheme.  To  better  represent  time-varying  vegetation 
conditions  within  these  classes,  leaf  area  index  values  are 
derived  from  AVHRR  for  bi-weekly  intervals.  A 
combination  of  SSM/I  and  AVHRR  data  is  planned  to  depict 
general  soil  moisture  and  saturated-soil  conditions  for 
comparison  to  the  climate  model  output. 

Spatial  and  temporal  variability  of  surface  conditions  are 
represented  with  much  greater  detail  in  the  remotely-sensed 
data  than  in  existing  climatologies.  These  differences  are 
described  in  more  detail  in  a  companion  paper  by  Oleson,  et 
al  [7].  Of  particular  note  are  differences  that,  while  not 
necessarily  substantial  in  terms  of  typical  applications  of 
satellite  imagery  for  landcover  mapping,  are  nevertheless 
significant  for  climate  modeling.  Future  work  will  continue 
to  identify  such  modeling-related  issues  pertaining  to  data 
sets. 
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Abstract  -  The  Pantanal  of  Brazil,  the  largest  wetland  on  the 
planet,  is  a  disturbance-maintained  ecosystem:  an  unusual 
topography  coupled  with  a  seasonal  cycle  of  flooding  and 
dry  down  creates  a  collection  of  landscapes  that  are 
environmentally  heterogenous  in  space  and  time.  Dominant 
land  cover  types  include  freshwater  and  saline  lakes, 
periodically  inundated  grasslands,  and  forested  corridors  and 
patches.  These  cover  types  are  highly  heterogeneous  in  spatial 
arrangement  and  in  response  to  inundation.  Spatio-temporal 
analysis  of  land  cover  dynamics  from  Synthetic  Aperture 
Radar  (SAR)  image  time  series  is  relatively  new  research  area 
but  one  that  will  expand  given  the  increasing  availability  of 
SAR  data.  The  Pantanal  is  well  suited  to  microwave  remote 
sensing  because  land  cover  types  can  exhibit  great  contrasts  in 
backscattering.  We  have  previously  shown  the  efficacy  of 
using  lacunarity  analysis  with  SAR  imagery  for  quantifying 
land  cover  dynamics.  In  this  presentation  we  extend  that 
analysis  to  a  total  of  seven  ERS-1  SAR  images  from 
December  1992  to  November  1993.  This  period  includes  both 
seasonal  inundation  followed  by  a  significant  climatic  drought 
that  transformed  the  spatial  structure  of  backscattering  across 
the  landscape.  Lacunarity  analysis  of  the  SAR  image  series 
captures  the  spatio-temporal  rearranging  and  illustrates  how 
complex  land  cover  change  can  be  quantified  within  a 
predictive  framework. 

INTRODUCTION 

The  efficacy  of  Synthetic  Aperture  Radar  (SAR)  image  time 
series  for  environmental  monitoring  has  been  amply 
demonstrated  in  the  past  several  years  [1].  Most  of  this 
research  has  focused  on  the  temporal  shifts  in  backscattering 
that  accompany  alterations  in  land  cover  and  changes  in 
permittivity.  Less  attention  has  turned  to  the  spatio-temporal 
analysis  of  image  series,  by  which  we  mean  the  explicit 
quantification  of  temporal  change  in  the  spatial  structure  of  an 


imaged  scene.  This  definition  is  in  contrast  to  the  implicit 
spatio-temporal  analysis  found  in  a  sequence  of  classified 
images.  We  seek  robust  spatio-temporal  patterns,  landscape 
trajectories,  to  use  in  higher-order  change  detection  algorithms 
appropriate  for  environmental  monitoring  [2,3].  Here  we 
illustrate  how  lacunarity  analysis  applied  to  a  seven  date  SAR 
image  series  can  uncover  some  typical  spatio-temporal 
trajectories  found  within  the  very  dynamic  tropical  landscape. 
This  study  extends  our  previous  work  in  lacunarity  analysis  of 
SAR  imagery  [4-6]. 

LACUNARITY  ANALYSIS 

Lacunarity  indices  use  multiscale  windowing  to  measure  the 
scale  dependency  of  spatial  heterogeneity  and  anisotropy  in 
binary  maps  in  terms  of  departures  from  translational  and 
rotational  invariance  [4,7].  The  indices  are  sensitive  to  the 
map  density  and  local  aggregation.  Higher  lacunarity  indicates 
a  more  sparse,  more  clumped  distribution  within  the  map. 
Random  maps  show  little  persistent  spatial  structure  under 
multiscale  windowing  and  thus  exhibit  low  lacunarity  scores. 
Conversely,  maps  containing  larger  aggregates  maintain  high 
lacunarity  scores  until  the  extent  of  sampling  window  exceeds 
the  extent  of  the  aggregates.  Thus  for  spatio-temporal  analyses 
it  is  useful  to  track  lacunarity  using  a  constant  window  size. 
Anistropy  can  be  estimated  by  the  ratio  of  lacunarity  indices 
obtained  from  rectangular  windows  with  extreme  but 
complementary  shapes,  e.g.,  w(lj)  and  w{jl)  [6]. 

STUDY  AREA 

The  Pantanal  is  the  largest  wetland  habitat  on  the  planet:  an 
immense  assemblage  of  alluvial  fans  formed  during  the 
Pleistocene,  it  covers  139,000  km^  in  Brazilian  states  of  Mato 
Grosso  and  Mato  Grosso  do  Sul  [8,9].  The  Pantanal  is  also 
one  of  the  more  radiometrically  dynamic  landscape  in  the 
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tropics  due  to  extensive  seasonal  flooding  by  the  Paraguay 
River  and  its  tributaries.  An  ecotonal  landscape  that 
developed  during  the  Holocene,  the  Pantanal  is  a  complex 
mosaic  of  shallow  lakes,  periodically  inundated  grasslands, 
and  islands  and  elevated  corridors  of  forest,  which  together 
support  an  abundant  and  diverse  fauna  of  birds,  fish,  reptiles, 
and  mammals,  including  four  million  head  of  cattle  [10]. 

The  Pantanal  is  remarkable  for  its  reduced  declivity  (2.5-5.0 
cm/km).  Local  topographic  features  (2-4  m  above  the 
surrounding  lands),  resulting  from  either  ancient  Aeolian 
sandfields  [8]  or  termite  activity  [11]  are  critical  for 
determining  habitat  for  both  flora  and  fauna.  Forested  ribbons 
of  higher  ground  known  as  cordilheiras  are  never  flooded  and 
serve  as  seasonal  refuge  for  terrestrial  animals.  Where  the 
water  is  deep,  hydrophytes  predominant;  in  areas  with 
sufficient  water  flow,  productive  grasslands  emerge  [9] 
Highly  permeable  soils  in  the  Pantanal  lead  to  a  substantial 
seasonal  drydown  (June  to  September)  that  favors  xeric 
species  on  elevated  soils. 

The  study  area  lies  in  the  region  of  the  Pantanal  called 
Nhecolandia,  located  along  the  southern  tier  of  the  Taquari 
River  alluvial  fan.  Nhecolandia  is  remarkable  for  the  hundreds 
of  freshwater  and  saline  lakes  that  punctuate  the  landscape. 
We  analyzed  three  typical  landscapes:  (1)  a  large  quasi¬ 
perennial  wetland  with  bordering  woodlands,  (2)  a  mosaic  of 
lakes  ringed  by  trees  and  interspersed  among  grasslands,  and 
(3)  a  well  formed  channel  with  riparian  forest. 

METHODS 

Our  image  time  series  spanned  seven  dates  (Table  1).  The 
S  AR  images  were  georeferenced,  ground-range  projected,  real¬ 
valued,  3-look  digital  data  processed  by  INPE.  The  nominal 
ground  resolution  of  these  data  was  25  m  with  a  pixel  spacing 
of  12.5  m  in  both  range  and  azimuth.  For  each  landscape  type 
the  same  scene  (1024x1024  pixels  =  655  km^)  was  extracted 
at  each  date  and  registered  to  the  corresponding  December 
1992  scene  using  linear  offsets.  The  resulting  misregistration 
was  minimal  (<2  pixels)  and  lacunarity  is  robust  to 
misregistration  errors  when  image  extent  is  large  relative  to 
pixel  resolution.  To  prepare  the  data  for  lacunarity  analysis, 
the  quartiles  (Ql,  Q2,  Q3,  Q4)  of  each  subimage  histogram 
were  calculated  and  four  binary  images  were  thereby 
generated.  Slicing  the  histogram  into  even  quantiles  controls 
the  map  density,  thereby  making  lacunarity  sensitive  only  to 
the  scale  dependency  of  aggregation.  Lacunarity  was 
estimated  using  square  windows  ranging  from  1  to  64  pixels 
(0.0625  ha  to  256  ha)  with  1000  random  samples  at  each 
window  size.  (For  more  detail  on  calculation  of  the  lacunarity 
index,  see  [4-7].)  Anisotropy  was  estimated  using  the  zero- 
centered  ratio  of  4  ha  windows  of  shape  1x64  and  64x1. 
Values  close  to  0  indicate  an  isotropic  distribution.  Values  less 


(greater)  than  0  indicate  more  (less)  clumping  west  to  east 
than  north  to  south. 

RESULTS 

In  earlier  work  [4,6]  we  had  seen  that  most  of  the  spatial 
heterogeneity  was  located  in  Ql  and  Q4,  corresponding  to  the 
lowest  and  highest  backscattering  values,  while  the  middle  50 
percent  of  the  histogram  was  dominated  by  spatially  random 
speckle  noise.  This  was  again  the  case  for  each  landscape 
examined  here.  Together  Ql  and  Q4,  although  comprising  50 
percent  of  the  pixels,  accounted  for  72  to  91  percent  of  the 
total  lacunarity.  The  partitioning  of  anisotropy,  however,  was 
a  different  matter.  There  was  no  significant  difference  between 
quartiles  at  a  single  date,  although  there  was  significant 
variation  in  anisotropy  over  the  course  of  the  image  series. 

If  we  plot  the  Q1+Q4  composite  anisotropy  ratio  against  the 
independently  determined  Q1+Q4  composite  lacunarity  index, 
where  both  were  calculated  at  a  maximal  window  dimension 
of  64  pixels,  we  obtain  a  spatio-temporal  pattern  that  captures 
some  essential  elements  of  the  land  cover  dynamics  (Figures 
1-3).  In  each  landscape,  there  is  a  distinct  periodicity  of  the 
spatial  arrangement  of  backscattering.  Note  the  counter¬ 
clockwise  trajectory  until  Day  of  Year  (DOY)  226  for  the 
riparian  scene  (Fig.  1)  and  DOY  156  for  the  lake  mosaic  (Fig. 

2) .  The  divergence  from  periodicity  thereafter  likely  arises 
from  an  extreme  drought  that  struck  the  Pantanal  during  the 
later  half  of  1993.  A  similar,  though  not  as  clear,  pattern  of 
divergence  can  be  seen  in  the  wetland  trajectory  (Fig.  3). 

How  do  we  interpret  these  trajectories?  Lacunarities  near 
zero  indicate  a  nearly  random  distribution  of  pixels.  These 
low  lacunarity  values  correspond  to  the  period  of  peak 
flooding  (DOY  121-156).  Note  the  shift  in  the  wetland  (Fig. 

3)  and  riparian  (Fig.  1)  landscapes  to  lower  lacunarity  from 
DOY  261  to  331,  corresponding  to  the  peak  of  dryness.  In 
constrast,  the  punctuate  landscape  of  the  lake  mosaic  (Fig.  2) 
registers  an  increase  in  aggregation  of  highest  and  lowest 
backscatterers  during  the  drought.  The  anisotropy  time  series 
reveals  a  similar  grouping  of  the  three  landscapes.  Both  the 
wetland  and  riparian  landscape  exhibit  an  increase  in 
anisotropy  due  to  flooding  and  an  attenuation  of  anisotropy 
during  drying.  Higher  anisotropies,  however,  are  observed  in 
the  lake  mosaic  during  the  drought  (Fig.  2). 

CONCLUSION 

The  spatio-temporal  patterns  revealed  in  this  study  are 
provocative;  however,  it  is  important  to  recall  that  these 
analyses  were  independent  of  backscattering  magnitude,  thus 
its  explicit  inclusion  might  enhance  the  trajectories.  This  study 
shows  the  utility  in  extracting  latent  yet  robust  spatio-temporal 
patterns  for  environmental  monitoring,  specifically,  for  the 
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definition  of  nominal  behavior,  the  assessment  of  disturbance 
impacts,  and,  eventually,  the  predictive  modeling  of  land  cover 
dynamics.  Although  we  do  not  think  that  this  image  series  is 
exhaustively  representative  of  the  behavior  of  the  region,  the 
results  are  promising  and  we  look  forward  to  obtaining 
additional,  longer  image  series  from  ERS-2. 
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TABLE  1:  ERS-1  SAR  data  from  track  210  &  frame  3987 


Acquisition 

Orbit 

Center 

Center 

Date 

Number 

Latitude 

Longitude 

1992  12  12 

7369 

S19''  12’  04” 

E304"  02’  06" 

1993  02  20 

8371 

519"  12’  40” 

E304"  01’  26" 

1993  05  01 

9373 

S19"  15’  00”  ' 

E304"0r  19" 

1993  06  05 

9874 

519"  ir  42” 

E304"02’  10" 

1993  08  14 

10876 

519"  ir  38" 

E304"0r  52" 

1993  09  18 

11377 

519"  12’  14” 

E304"01’  19" 

1993  11  27 

12379 

519"!  r  56” 

E304"  or  55" 

Figure  1  -  Riparian  Forest 


Figure  3  -  Wetland 
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ABSTRACT 

In  this  study,  an  approach  for  analyzing  and  validating 
thematic  and  positional  accuracy  of  high  resolution  global 
land  cover  data  set  is  described.  Portions  of  the  International 
Geosphere/Biosphere  Programme’s  (IGBP)  1  Kilometer  Land 
Cover  Data  Set  are  used  as  a  test  bed  to  evaluate  procedures 
for  accuracy  assessment  and  validation.  The  1  Km  Land 
Cover  Data  Set  contains  17  land  cover  classes  ranging  from 
natural  vegetation  to  developed  land  and  non-vegetated 
classes. 

This  study  focuses  on  developing  statistical  map  accuracy 
procedures  for  data  set  validation  through  a  continental  scale 
cross  validation  exercise  using  the  1  KM  land  cover  data  set. 
The  objective  of  this  exercise  is  to  assess  the  potential  of  the 
IGBP  fast  track  validation  procedures.  These  include 
implementation  of  an  integrated  overall  map  accuracy 
analysis  as  well  as  a  detailed  category  specific  thematic 
accmacy  assessment  for  both  a  North  American  and  African 
study  site.  Specific  goals  of  this  study  are  to:  1)  determine 
whether  different  classification  techniques  employed  for 
Africa  and  North  America  significantly  affect  the 
classification  of  the  IKm  Land  Cover  data  set;  2)  determine 
whether  systematic  differences  are  introduced  into  the 
datasets  by  the  separate  processing  flows;  3)  examine  and 
attempt  to  explain  any  non-systematic  differences  which  may 
be  identified,  and;  4)  derive  a  statistical  estimate  of  these 
differences  between  the  two  datasets  for  each  of  the  17  Land 
Cover  classes  —  or  as  many  of  the  classes  as  are  adequately 
represented. 

BACKGROUND 

Global  ecological  and  chemical  cycle  modeling  is  the  most 
important  scientific  technique  currently  available  to  measure, 
monitor  and  predict  critical  physical  and  biological  processes 
and  environmental  changes  in  the  Earth's  environmental 
system.  Global  ecological  models  are  developed  and 
implemented  to  provide  information  about  a  variety  of 
ecological  and  biogeochemical  regimes.  Important  among 
these  are  carbon  cycles,  hydrologic  cycles,  and  terrestrial 
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energy  balance  [1].  These  processes  are  very  complex  and 
they  must  be  addressed  using  numerical  models.  These 
global  ecological  models  require  spatially  referenced 
terrestrial  vegetation  and  land  cover  parameters  as  inputs. 
Requirements  have  been  demonstrated  for  these  data  at 
spatial  resolutions  of  1  kilometer  (and  finer)  and  high 
temporal  resolution.  In  the  past  these  data  have  been 
spatially  and  temporally  incomplete,  inadequate  and 
inaccvuate  [2].  Accurate  scientifically  valid  continental  or 
global  scale  land  cover  data  sets  do  not  currently  exist  for 
either  the  developed  or  the  developing  world  [3] 

To  overcome  these  shortcomings,  efforts  are  ongoing 
among  international  scientific  organizations  to  provide 
timely,  comprehensive,  and  accurate  global  scale  land  cover 
and  vegetation  datasets.  The  most  important  of  these  are 
derived  from  satellite  imaging  ^sterns,  including 
meteorological  sensors  such  as  AVHRR  [4].  Since  the  early 
1980’s,  a  number  of  continental  and  global  scale  data  sets 
have  been  produced  using  AVHRR  data.  The  focus  of  our 
proposed  research  is  the  1  Km  Global  Land  Cover  Data  Set 
developed  by  The  International  Geosphere  Biosphere 
Programme  ^GBP)  and  the  US  Geological  Survey  EROS 
Data  Center  (USGS/EDC). 

The  IGBP  1  Km  Global  Land  Cover  Data  Set  is  being 
assembled  to  meet  data  requirements  for  studies  of  climate, 
biogeochemical  cycles,  atmospheric  chemistry,  water, 
energy,  vegetation,  and  ecosystems  [5].  The  data  set  is 
being  compiled  on  an  individual  continental  basis  from 
AVHRR  data  collected  daily  through  the  efforts  of  a  number 
of  AVHRR  receiving  stations  coordinated  by  USGS/EDC. 
An  initial  “fast-track”  data  set  is  being  generated  by 
researchers  at  EDC  and  the  Emopean  Economic 
Commission’s  Joint  Research  Center  (IRC)  at  Ispra,  Italy. 

The  1  Km  Land  Cover  Data  Set  is  being  generated  with 
17  land  cover  classes  ranging  from  natural  vegetation  to 
developed  land  and  non-vegetated  classes.  These  classes 
are: 

1)  Evergreen  Needleleaf  Forests 

2)  Evergreen  Broadleaf  Forests 
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3)  Deciduous  Needleleaf  Forests 

4)  Deciduous  Broadleaf  Forests 

5)  Mixed  Forests 

6)  Closed  Shrublands 

7)  Open  Shrublands 

8)  Woody  Savannas 

9)  Savannas 

10)  Grasslands 

1 1)  Permanent  Wetlands 

12)  Croplands 

13)  Urban  and  Built-up 

14)  Cropland/Natural  Vegetation  Mosaics 

15)  Snow  and  Ice 

16)  Barren 

17)  Water  Bodies 

A  more  thorough  discussion  of  this  classification  scheme 
may  be  found  in  [6]. 

METHODOLOGY 

For  statistical  analysis  of  this  data  set  we  are  utilizing  a 
directed  random  sampling  procedure  which  follows  the 
overall  accuracy  verification  procedure  developed  through  the 
IGBP  for  analysis  of  the  complete  IKm  Global  Land  Cover 
Data  Set  [7]. 

This  strategy  includes  two  elements:  1)  a  core  sampling 
strategy  to  systematically  assess  the  accuracy  of  each  cover 
type  included  in  the  global  land  cover  product  and  2)  the  use 
of  confidence  sites  where  fine-resolution  land  cover 
information  is  available  for  a  substantial  region.  The  core 
sampling  strategy  will  be  based  on  visual  interpretation  of 
high  resolution  satellite  image  data  coregistered  with  the 
AVHRR  data.  The  sampling  design  takes  into  account  the 
spatial  variance  of  all  cover  classes.  Decision  rules  and 
interpretation  keys  will  also  be  developed  to  aid  in  visual 
interpretation  of  the  high  resolution  data.  Some  important 
assumptions  relate  to  the  classification  scheme  and  the 
classification  method.  It  is  assumed  that  the  classification 
scheme  is  exhaustive  (all  pixels  are  assigned  to  a  class);  that 
it  is  exclusive  (classes  do  not  overlap);  and  that  classes  can  be 
identified  both  on  AVHRR  data  and  higher  resolution 
imagery.  The  classification  methodology  assumes  that  it  is 
objective,  consistent,  reproducible  and  fully  documented. 

This  procedure  will  be  performed  independently  for  both 
Africa  and  North  America.  Following  initial  data 
compilation,  by-class  area  calculations  will  be  performed  for 
each  data  set  and  land  cover  difference  maps  will  be 
produced.  Area  weighted  estimates  of  overall  map  accuracy 
will  then  be  calculated.  Individual  class  accuracy  statistics 
will  be  generated  next  and  confusion  matrixes  produced  for 
both  EROS  and  JRC  North  America  and  Africa  maps.  These 


results  will  be  statistically  evaluated  for  variance  between 
the  two  output  products.  We  will  stratify  these  samples  by 
continent  as  well  as  processing  technique  in  order  to  make 
inferences  based  on  variances  (if  any)  between  continents. 
We  will  determine  if  statistically  significant  classification 
differences  result  from  the  different  processing  flows  used 
in  land  cover  data  set  compilation  for  each  continent  and,  if 
so,  we  will  address  their  sources  and  potential  remedies. 

This  study  will  further  identify  those  IGBP  land  cover 
classes,  if  any,  which  can  not  be  mapped  from  processed 
AVHRR  data  and  validated  to  acceptable  accuracy 
standards  using  higher  resolution  Landsat/Spot  data  sets. 

STATUS 

Activities  to  date  on  this  study  have  been  focused  on 
compilation  of  the  1  km  Land  Cover  Data  Sets  covering 
Norft  America  and  Africa.  Currently,  the  classified  1  km 
coverage  for  the  continent  of  North  America  has  been 
completed  by  scientists  at  USGS/EDC.  Initial  by-class  area 
calculations  for  the  continent  have  also  been  generated 
(Tab,  1).  These  by-class  area  figures  were  derived  by  simply 
summing  the  number  of  1  km  pixels  present  in  each  class 
within  the  data  set.  As  outlined  above,  these  are  only  the 
first  steps  in  a  more  complex  effort  to  validate  the  land 
cover  classification  procedures  for  the  1  km  data  set. 


Tab.l, 


Land  Use 
Class 

Class  Area 
(km^) 

Percent 

Image 

1 

2844279 

3,22 

2 

530527 

0.60 

4 

1886191 

2.14 

5 

1700355 

1.93 

6 

575226 

0.65 

7 

2461381 

2.79 

8 

1455227 

1.65 

9 

784579 

0.89 

10 

1438454 

1.63 

11 

36066 

0.04 

12 

1330202 

1.51 

13 

88933 

0.10 

14 

2250978 

2.55 

15 

2398183 

2.72 

16 

1404335 

1.59 

17 

65060904 

73.69 

18 

1982163 

2.25 

0 

58914 

0.07 

Image  total 

88286896 

100.00 
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As  outlined  above,  these  are  the  first  steps  in  a 
comprehensive  study  to  validate  the  land  cover  classification 
procedures  for  the  1  Km  Land  Cover  Data  Set.  Our 
preliminaiy  examination  of  these  data  identified  some  issues 
which  must  be  addressed  before  proceeding  to  a  thorough 
statistical  evaluation  of  the  data  set.  As  an  example  ,  Tab.  1 
shows  that  a  very  small  number  of  pixels  in  the  data  set 
(approximately  .025  of  the  total  area)  remain  unclassified. 
These  are  represented  by  Classes  0  and  18. 

The  next  critical  task  to  be  performed  is  the  selection  and 
location  of  test  sites  for  this  study.  We  are  currently 
examining  the  North  America  data  set  in  preparation  for 
identifying  and  locating  appropriate  study  sites  within  North 
America  and  Africa.  Adept  identification  of  test  subregions  is 
a  critical  step  in  this  study  and  optimal  test  site  selection  is 
dependent  upon  two  related  factors.  Test  sites  must 
encompass  the  broadest  range  of  IKm  Land  Cover  categories 
possible  and  be  small  enough  to  ensure  availability  of 
verification  image  data  and  to  allow  for  the  completion  of 
processing  and  analysis.  The  subregions  selected  must  be 
“adequately”  covered  by  Landsat  and/or  SPOT  imagery. 
Ideally,  test  sites  will  be  covered  by  imagery  that  is  currently 
compiled  and  archived  by  EOSAT  or  Spot  Image  or  already 
in  the  hands  of  EDC  and  JRC  researchers.  These  higher 
resolution  images  will  form  the  basis  upon  which  the  validity 
of  the  AVHRR  products  are  interpreted  and  assessed.  In 
addition,  available  image  data  must  be  of  adequate  quality 
(cloud  free  or  less  than  10%  cloud  cover).  Initial  estimates 
indicate  that  optimally  situated  rectangular  test  subregions 
sized  on  the  order  of  1500  x  1500  Km  should  include  most 
(12-15)  of  the  17  total  IKm  Land  Cover  classes  in  Africa  and 
North  America,  We  initially  see  IGBP  Classes  2,3,6,11,  and 
15  as  potential  problems.  We  will  focus  within  the 
conterminous  Unites  States  for  selecting  the  North  America 
test  site. 

EDC  researchers  are  in  the  process  of  deriving  the  1  km 
land  use  data  set  for  the  continent  of  Africa.  Concurrently, 
researchers  at  JRC  are  producing  classifications  for  Africa  as 
well  as  North  America. 

CONCLUSIONS 

This  study  is  part  of  a  broad  scientific  effort  to  develop  and 
implement  the  Global  IKm  Land  Cover  Data  Set.  The 


validation  of  this  data  set  will  establish  quantitative 
statistical  parameters  of  thematic  accuracy  of  the  data  set. 
This  will  facilitate  the  use  of  the  Land  Cover  Data  Set  and 
contribute  accurate  information  on  changes  in  global  land 
cover  types  and  can  may  also  provide  accurate  baseline 
information  for  assessing  changes  in  ecosystems  and  for 
input  into  continental  or  global  scale  hydrologic  models. 
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Abstract  -  Multifrequency  Polarimetric  SIR-C  data  acquired 
during  April  1994  was  processed  to  extract  information  on 
vegetation  and  salinity  parameters.  Signatures  at  different 
frequencies  and  polarizations  were  derived  for  several  land 
categories.  The  polarization  ratio  of  L  (HV)  to  L  (W)  is 
found  to  be  a  useful  parameter  for  the  discrimination  of 
vegetation.  Cross  polarization  is  found  to  be  very  good  for 
identification  of  field  boundaries  and  road  network. 

mXRODUCTION 

It  can  be  seen  from  the  literature  that  a  good  amount  of 
research  work  was  carried  out  by  various  researchers  with  an 
attempt  to  quantify  Soil  moisture,  vegetation  and  Salinity  [1]. 
Most  of  the  above  work  was  done  with  single  frequency  and 
single  polarization  SAR  data.  With  the  launch  of  SER-C,  it 
became  possible  to  have  simultaneous  multifrequency 
multipolarization  SAR  data  for  efficient  modelling  of 
Geophysical  parameter  retrieval  [2]-[4]. 

The  aim  of  this  paper  is  to  see  the  potential  of  SIR-C/X-S  AR 
data  for  the  retrieval  of  vegetation  and  salinity  through 
multifrequency  multipolarization  modelling.  The  subsequent 
sections  deal  with  study  area,  ground  truth  collection,  data 
processing  and  results  &  discussions. 


STUDY  AREA  AND  DATA  SOURCES 

Multifrequency  polarimetric  SIR-C/X-SAR  data  is  unique  and 
only  data  set  so  far  available  over  Indian  test  sites.  The  first 
flight  of  SIR-C  acquired  data  over  Gujarat  test  site  centered 
at  TT  Lat.  and  72°  Long  in  mode  16X  (L  &  C  bands  are  fully 
polarimetric  and  X  -  band  W)  on  April  12,  14  and  15,  1994. 
Each  pass  covers  about  500  km  with  a  swath  width  of  about 
20  km,  each  pass  at  50°,  36°  and  24°  incidence  angle 
respectively. 
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GROUND  TRUTH  DATA 

Synchronous  with  SIR-C  flight,  ground  truth  data  were 
collected  in  terms  of  soil  moisture,  vegetation,  surface 
roughness  etc.  The  fields  covered  in  this  area  are  paddy, 
tomato,  sugar  cane,  harvested  wheat,  bajra  and  many  bare  & 
ploughed  fields.  Also  scattered  prosopis  juliflora  plants  are 
present  at  many  places.  Most  of  the  fields  are  dry  except 
irrigated  areas.  Soil  moisture  vary  in  the  irrigated  areas  from 
5  to  30  %  by  weight.  All  the  saline  soil  fields  are  very 
smooth  and  agriculture  fields  were  medium  to  very  rough. 
The  details  on  the  ground  truth  data  collected  are  given  in 
[5]. 

DEPLOYMENT  OF  CORNER  REFLECTORS 

For  SIR-C/X-SAR  mission,  we  have  fabricated  three 
triangular  trihedral  comer  reflectors  suitable  for  L-,  C-  and 
X-  bands.  The  details  of  these  comer  reflectors  are  as 
follows: 


Size  (L) 
(meters) 

Gain  values  in  dB 

L -  band 

C  -  band 

X  -  band 

2.44 

34.3 

46.4 

51.9 

0.90 

17.0 

29.1 

34.6 

0.60 

9.9 

22.1 

27.5 

DATA  PROCESSING 

The  pre-processing  of  SIR-C  data  was  carried  out  using  JPL 
software  and  EASI/PACE  around  IBM  RISC  5000  computing 
system  available  at  National  Remote  Sensing  Agency, 
Hyderabad.  We  have  taken  several  sub-scenes  where  the 
ground  tmth  is  collected.  Optical  data  from  Indian  Remote 
Sensing  Satellite  (IRS- IB)  were  also  acquired  and  registered 
with  SIR-C  data.  The  scenes  of  HH,  W  and  HV 
polarizations  are  generated  at  L-  and  C-  bands.  Colour 
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composites  using  different  polarizations  and  frequencies  were 
also  generated. 

Polarization  ratio  (L-HH/L-W)  of  a  sub-image  was  computed 
with  a  view  to  enhance  the  vegetation  information  content. 

RESULTS  AND  DISCUSSION 

It  was  noticed  from  the  sub-image  extending  from  Bhavnagar 
to  Surendranagar  that  the  cross  polarization  image  gives 
more  information  on  field  boundaries  and  road  networks 
compared  to  like  polarizations.  The  sensitivity  to  the 
variations  in  soil  moisture  and  vegetation  is  high  for  HH  and 
W  compared  to  HV  polarizations.  Saline  soils  show  low 
backscattering  coefficient  (a°)  for  HV  compared  to  like 
polarizations.  Salt  pans  around  Bhavnagar  are  clearly  visible 
in  all  the  three  polarizations. 


Fig.  1  shows  the  multifrequency  multipolarization  sub-images 
including  colour  composite  and  polarization  ratio  around 
Barwala  town.  The  following  points  can  be  seen  from  the 
above  figure : 

•  The  (a°)  values  are  more  or  less  in  the  same  range  for  HH 
and  W  where  as  they  are  very  low  for  HV.  The  same 
phenomenon  is  observed  for  both  L-  and  C-  bands. 

•  The  (a°)  values  are  higher  for  C-  band  compared  to  L- 
band. 

•  A  colour  composite  generated  with  C(HV),  L(HH)  and 
L(HV)  (RGB  respectively)  shows  more  classes  compared  to 
any  one  of  the  individual  bands.  Fields  with  different  levels 
of  soil  moisture  and  vegetation  types  are  clearly  distinct  in  the 
colour  composite. 

•  The  polarization  ratio  of  L  (RW/W)  is  computed  for  the 
sub-scene  and  made  colour  composite  with  L  (W)  and  L 
(HV).  Certain  vegetation  classes  which  are  not  very  clear  in 
the  previous  colour  composite  are  clearer  in  this  one. 
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Fig.  1.  SIR-C  images  at  different  polarizations  around  Barvala  town,  Gujarat,  India.  Colour  composite 
images  are  also  seen  using  ratio  of  L(HVA^  and  direct  combinations. 
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Fig.  2  shows  the  RGB  colour  composite  of  (a)  L(HV),  L(VV) 
and  L(HH),  (b)  C(HV),  C(VV)  and  C(HH),  (c)  L(VV), 
C(VV)  and  x(VV)  and  (d)  IRS-IB  colour  composite  for  the 
area  between  Bhavnagar  and  Ahmedabad.  It  can  be  seen 
from  the  figure  that 

•  in  the  submerged  areas  near  to  the  coast,  HH  and  W 
dominates  over  HV  for  both  L-and  C-  bands. 

•  with  reference  to  the  visible  data,  the  vegetation  along  the 
river  course  are  seen  with  high  (a°)  values. 

•  The  presence  or  the  absence  of  water  in  the  river  could  not 
be  identified  in  SAR  data  where  as  that  is  very  clearly  seen  in 
the  visible  data. 

•  In  general,  the  contrast  among  different  land  covers  is 
better  in  L-  band  as  compared  to  C-  band. 


CONCLUSIONS 

The  preliminaiy  analysis  of  SIR-C  data  indicates  the  potential 
for  the  identification  of  various  vegetation  types,  different 
levels  of  soil  moisture.  HV  is  better  for  the  identification  of 
locations,  where  as  HH  and  W  are  better  for  analysis. 
Further  work  on  Polarization  Phase  Difference,  Polarization 
Index,  Scattering  Decomposition  and  Inversion  is  in  progress. 
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The  sub-image  extending  from  Bhavnagar  to  Navsari  through 
gulf  of  Khambat  is  also  analysed.  Over  the  sea  water,  the  (a°) 
is  higher  for  L-  band  compared  to  C-  band,  higher  for  HH 
and  W  compared  to  HV.  X-  band  shows  the  lowest  values. 
From  all  the  sub-images  discussed  above,  the  (a°)  values  for 
different  land  covers  are  extracted  (averaged  for  3  x  3  pixels) 
and  given  below: 


Feature 

L-band  (ct° 

) 

C-bandfCT®  ) 

HH 

W 

HV 

HH 

vv 

HV 

Urban 

-4.8 

-6.3 

-6.0 

-1.5 

-0.5 

-3.8 

MP. 

-5.8 

-5.0 

-18.9 

-4.5 

-4.2 

-14.2 

BF. 

-13.6 

-13.7 

-26.4 

-7.1 

-6.2 

-17.1 

SP 

-16.2 

-15.7 

-29.2 

-13.3 

-12.2 

-22.3 

Crop 

-8.7 

-10.2 

-16.1 

-5.8 

-4.4 

-12.5 

Smooth 

-17.9 

-16.2 

-32.5 

-10.8 

-10.2 

-19.8 
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Fig  2  SIR-C/X-SAR  colour  composite  images  of  an  area  between  Bhavnagar  and  Ahmedabad. 

(a)  L-HV(R),  L-VV(G),  L-HH(B);  (b)  C-HV(R),  C-VV(G),  C-HH(B),  (c)  L-VV(R),  C-VV(G),  X- 
VV(B)  and  (d)  IRS-IB  standard  FCC. 
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Abstract  -  The  surface  reflectances  derived  from 
POLDER  /  ADEOS  are  operationally  composited  in 
time  using  an  algorithm  of  adjustment  of  a  BRDF 
model  against  POLDER  directional  reflectances. 
This  paper  compares  several  linear  BRDF  models  as 
candidates  for  this  algorithm.  The  various  models  are 
tested  and  compared  against  a  variety  of  BRDF  field 
data,  and  several  criteria  are  examined. 

INTRODUCTION 


BRDF  MODELS  AND  DATA  SET 

Many  explicit  analytical  models  of  the  surface  BRDF 
exist  in  the  literature.  They  are  either  linear  or  non  linear, 
and  either  empirical,  semi-empirical,  or  physically  based. 
The  model  complexity  increases  with  their  degree  of 
physical  realism. 

For  the  sake  of  simplicity  and  computer  time  limitations, 
only  linear  models  were  accounted  for.  We  considered  (see 
Table  I):  (1)  the  4-parameter  empirical  model  of  Shibayama 


POLDER  is  a  new  instrument  devoted  to  the  global 
observation  of  the  Bi-directional  Reflectance  Distribution 
Function  (BRDF)  and  the  Bi-directional  Polarization 
Distribution  Function  (BPDF)  of  Earth’s  reflectances  in  the 
visible  and  near  infrared  [1  ].  It  is  scheduled  to  be  launched 
in  1996  on  the  Japanese  ADEOS  platform.  CNES  (the 
French  space  agency)  has  started  the  development  of  3 
operational  processing  lines  of  science  products,  related  to 
(1)  land  surfaces  and  atmosphere  over  land,  (2)  ocean  color 
and  aerosols  over  the  ocean,  and  (3)  Earth  radiation  budget, 
water  vapor  and  clouds.  The  surface  products  of  the  ‘land 
surfaces  and  atmosphere  over  land’  processing  line  are,  for 
each  orbit  segment,  bi-directional  reflectances  corrected  for 
atmospheric  effects,  and,  every  10  days,  global  maps  of 
surface  directional  signatures  and  hemispherical 
reflectances  at  443,  670,  765,  and  865  nm  [2  ]. 

The  choice  of  the  compositing  technique  to  apply  to 
directional  surface  reflectances  acquired  each  orbit,  in  order 
to  generate  a  composite  surface  product  at  global  scale  and 
10  day  period,  is  one  of  the  key  questions  to  be  solved.  A 
data  compositing  method  widely  applied  on  AVHRR  data  is 
the  MVC  technique  [3  ],  whose  principle  is  to  select,  over  a 
given  period  of  composition,  the  AVHRR  data  which 
maximizes  the  Normalized  Differential  Vegetation  Index 
(NDVI).  An  alternative  possibility,  which  can  be  used  witli 
AVHRR  [4  ],  and  should  be  quite  appropriate  with 
POLDER  directional  reflectance  measurements,  is  to  adjust 
a  parameterized  BRDF  model  against  a  time  series  of  BRDF 
measurements. 

The  choice  of  the  BRDF  model  is  a  serious  problem.  The 
subject  of  this  paper  is  to  describe  a  detailed  comparison  of 
several  available  BRDF  models  to  select  one  of  them  to  be 
implemented  in  the  ‘land  surface  and  atmosphere  over  land’ 
processing  line. 


Table  I _ 

0^. ,  0^  sun  and  view  zenith  angles 
([)  relative  azimuth  angle  ((])  <  180°) 

^  phase  angle  cos^  =  cos0^  cos0^  -i-  sin0^,  sin0^  cos(t> 
Notations  of  model  parameters  have  been  made  identical. 
Shibayama  and  Wiegand  [5  ],  named  ‘Shibayama’ s  model’ 

.  X  .sin  0 

p(e^,e^,(j))  =  ^'o  +^j  sme^,+k^smB^^s\n~  +  k^ - 

cos  6 

_ s _ 

Walthall,  Norman,  Welles,  Campbell  and  Blad  [6], 
modified  by  Nilson  and  Kuusk  [9],  named  ‘Walthall’s 
model’ 

p(9,.ev^)  =  <^o  +/r,9^9^.cos.|,  +  ^,9>;  ] _ 

Deering,  Eck  and  Otterman  [7  ],  named  ‘Deering’s  model’ 

.  .  (tc- 6)cos^H-sin(l)  sin  ({) -<j)Cos({) 

p(e^,e^,^)  =  *r„+*,k^ - -+*2- - : 

4(cot  0^ +cot0^  j  4(cot0^ +cot0^  j 

Roujean,  Leroy  and  Deschamps  [8  ],  named  ‘Roujean’s 
model’ 

p(0,.e,.<t.)= *0 +*i/i(e..ev.<t>)+*2/2(e..6v.<t>) 

/i  (0j ,  0^,  (]>)  =  -^  [(tt  -  4i)cos  (])  +  sin  ij)]  tan  0^  tan  0^ 

— lI" tan  0j  +  tan  0^,  +  ^tan^  0^  tan^  0j,  -2tan05  tan@^,  cos<|) 


/2(e..0v.'t-)  = 


2  (n~2^)cos^  +  sm^  1 
37c  cos  0  4- cos  0  3 


Spherical  harmonics,  named  ‘Legendre’s  model’ 

p(0^  = /Tq  +k^  J(2cos0^  -lj(2cos0^  -l)J+ sin 0^  sin0^  co$(|) 


-\-k. 


6cos^0  -6cos0  +iT6cos*^0  -6cos0  +1 

J  5  I  V  V 

+k^  [^(ScosO^  ~3j(8cos0^,  -3)sin  0^  sin  0^.  cos(|)J 


2  2 

+k^  sin  0^  sin  0^,  cos2{j) 
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Table  II 


MODEL  EVALUATION 


Covers 

Referaoe 

Number  cf 

Sdarzmih 

dalasets 

an^gleiange 

Cobble 

[10] 

5 

20°  -  58° 

Lava  flow 

6 

21° -73° 

Playa 

6 

28^  -7r 

Bare  soil 

[11] 

10 

16°  -  69° 

(3  roughness) 

4 

36°  -  53° 

4 

36°  -  54° 

Prairie  grassland 

[12] 

4 

22°  -  62° 

Soybean 

[13] 

5 

20°  -  49° 

(3  dates) 

6 

21° -38*^ 

12 

31° -61° 

Spruce-Hemlock  forest 

[14] 

6  ' 

35°  -  76° 

Com 

[15] 

3 

23°  -  68° 

Orchard  grass 

3 

45° -71° 

Soybeans 

3 

48°  -  63° 

Grass  lawn 

3 

42°  -  70° 

Plowed  field 

[16] 

3 

26°  -  45° 

Annual  grassland 

3 

to 

00 

o 

1 

O 

o 

Hard  wheat 

3 

27° -51° 

Steppe  grass 

3 

970  f.'JO 

Irrigated  wheat 

3 

26°  -  59° 

Pine  forest 

[17] 

3 

23°  -  59° 

Deciduous  forest 

3 

25°  -  63° 

and  Wiegand  [5],  designed  to  fit  the  BRDF  of  wheat 
canopies,  (2)  a  modified  version  of  the  empirical  model  of 
Waldiall  et  al  [6]  satisfying  the  reciprocity  principle,  as 
used  by  Nilson  and  Kuusk  [9  ],  (3)  the  semi-empirical 
model  of  Deering  et  al  [7],  designed  for  arid  and  semi-arid 
soils,  (4)  the  3-parameter  semi-empirical  model  of  Roujean 
et  al  [8],  and  (5)  a  linear  decomposition  of  the  BRDF  on  a 
basis  of  spherical  harmonics.  Spherical  harmonics  are 
functions  of  only  2  variables  (say,  0v  and  c|)).  The  model  was 
modified  to  become  a  reciprocal  function  of  all  3  geometric 
angles. 

These  various  models  were  tested  over  a  variety  of  field 
data,  available  in  free  access  data  bases,  acquired  by  various 
authors,  on  many  different  surface  types:  lava  flow,  cobble, 
sand,  plowed  soils,  Kansas  prairie,  grass,  cultures  (soybean, 
wheat,  orchard,  com),  spruce  and  pine  forests.  Altogether  a 
set  of  about  100  BRDF  measurements  were  considered  in 
the  analysis,  acquired  over  18  different  types  of  surfaces, 
with  various  sun  zenith  angles  for  each  site  (Table  II).  We 
acknowledge  here  that  the  models  of  Shibayama  and 
Wiegand,  and  that  of  Deering  et  al  were  used  in  this 
comparison  because  of  their  property  of  linearity  but  were 
tested  on  surface  types  differing  much  from  the  surface 
types  for  which  they  were  designed 


The  models  were  evaluated  on  the  basis  of  several  criteria: 


{!)  ability  to  fit  BRDF  measurements  acquired  at  a  given 
sun  zenith  angle.  All  BRDF  data  are  considered  in  this  test. 
The  indicators  of  the  comparison  include: 


the  rms  error : 


£(pi« 


the  signal  to  noise  S/N  ratio  :  loiogio 


^^(Pinje<xr  Pmeay) 
_ 


(P  zmeay  P  i  mod  ) 


J 

Fig.  1  represents,  for  each  BRDF  data,  in  the  visible  and 
near  infrared,  S/N  of  each  model  as  a  function  of  S/N  of  the 
model  of  Roujean.  The  typical  S/N  is  of  the  order  of  0  to  20. 


Peering  Legendre 


Shibayama  Waithalt 


Shibayama  Walthall 


Figure  1;  S/N  ratio  of  each  model  compared  to  that  of 
Roujean  for  each  BRDF  data  set.  (a)  visible,  (b)  near 
infrared 
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Fig.  1  shows  that  the  performance  of  the  Legendre  model  is 
higher  than  that  of  Roujean,  itself  somewhat  above  that  of 
the  other  models.  Fig.  2  shows  an  example  of  BRDF 
restitution  by  each  model,  which  illustrates  the  fact  that 
some  differences  exist  between  the  restituted  BRDFs. 
Generally  the  most  important  errors  are  in  the 
backscattering  region  in  the  vicinity  of  the  hot  spot,  and 
sometimes  also  in  the  specular  direction. 

(2)  ability  to  fit  BRDF  measurements  acquired  with  a  range 
of  sun  zenith  angles.  It  is  also  important  to  test  the  ability  of 
models  to  represent  the  BRDF  for  a  significant  range  of 
variation  of  the  sun  zenith  angle  (typically  variations  of  the 
order  of  20°)  representative  of  the  variations  of  6,^ 
encountered  in  a  one-month  period  of  POLDER 
acquisitions.  The  considered  data  sets  are  listed  in  Table  III, 
and  the  results  are  displayed  in  Fig.  3  in  terms  of  S/N  (in  the 
same  format  as  Fig.  1)  and  also  in  Table  III  in  tenns  of  rms 
error.  Fig.  3  shows  that  S/N  decreases  relatively  to  the 
previous  situation,  and  that  the  differences  between  models 


Observed  data 


Deering 


Legendre 


Figure  2:  Observed  and  restituted  BRDFs  for  the  prairie 
grassland  site  in  the  near  infrared. 


are  less  significant  than  before.  However,  the  ordering  of 
models  remains  approximately  the  same.  Generally,  the  rms 
errors  as  shown  by  Table  III  are  of  the  order  of  0.005  to 
0.02  in  the  visible  and  0.02  to  0.04  in  the  near  infrared.  The 
performance  of  models  is  generally  better  on  bare  soils  and 
cultures  than  on  forests  and  grasslands. 

(3)  ability  to  simulate  spectral  directional  hemispherical 
reflectances.  For  data  sets  which  include  the  directional 
hemispherical  reflectance  data  {i.e.,  the  bi-directional 
reflectance  integrated  over  the  half  space  of  possible 
viewing  directions),  a  comparison  is  made  between  the  data 
and  the  models,  at  the  exception  of  the  model  of  Deering  for 
which  the  functions  can  not  be  integrated  analytically.  Fig. 
4  compares  modeled  and  measured  hemispherical 
reflectances  in  the  visible  and  near  infrared,  and  shows  that 
all  models  restitute  satisfactorily  the  hemispherical 
reflectances. 


Peering 


Legendre 


0 


10  20  0 


10  20 


(a) 


Peering  Legendre 


Shibayama  Walthall 


Figure  3:  Same  as  Fig.  1  when  BRDF  data  cover  for  each 
surface  type  a  range  of  sun  zenith  angles. 
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Table  III:  rms  error  performance  (%  of  reflectance). _ _ _ 

Sun  zenith  angle  range  Visible  Near  Infrared 


(number  of  data  sets) 


Deeiing 

Lsigendie 

Roujean 

Sibayama 

WallhaU 

Deering 

Legoxbe 

Rcqjean 

Siibayam  WalthaU 

Spruce 

35-45  (4) 

1,8 

1.5 

2,0 

1.5 

1.9 

11.6 

10,5 

13.1 

9.5 

11.3 

Prairie  grassland 

22-33  (2) 

2.3 

1.5 

2.0 

1.9 

2.4 

9.0 

4.4 

5.5 

7.5 

6.0 

Soybean  07/17/80 

20-40  (4) 

1.1 

0.9 

1.1 

LI 

1.0 

4.5 

3.8 

4.3 

4.3 

4.1 

Soybean  07/24/80 

21-38  (6) 

0.7 

0.6 

0.7 

0.7 

0.6 

4.0 

3.4 

3.8 

3.8 

3.7 

Soybean  08/27/80 

31-48  (10) 

0,3 

0.2 

0.3 

0.3 

0.2 

2.6 

2.3 

2.4 

2.5 

2.4 

Bare  soil  06/30/89 

23-52  (8) 

2.4 

1.4 

1.6 

2.1 

2.1 

3.0 

1.8 

1.9 

2.5 

2.7 

Bare  soil  08/09/89 

36-53  (4) 

2.0 

1.2 

1.4 

1.5 

1.9 

2.3 

1.4 

1.6 

1.8 

2.3 

Bare  soil  08/25/89 

28-54  (7) 

2.4 

1.7 

2.1 

2.5 

2,2 

2.8 

2.0 

2.4 

3.0 

2.6 

Annual  grassland 

28-50  (3) 

1.8 

1.4 

1.7 

2.3 

1.6 

2.9 

2.4 

2.6 

3.4 

2.5 

Com 

23-46  (2) 

1.3 

0.9 

LI 

1.2 

1.1 

2.4 

1.7 

1.5 

2.2 

1.8 

Deciduous  forest 

25-45  (2) 

1.1 

0.8 

0.6 

1.0 

0.9 

5.2 

4.6 

5.7 

3.4 

5.2 

Grass  lawn 

56-70  (2) 

1.0 

1.5 

1.1 

1.1 

1.0 

4.8 

7.1 

6.0 

5.3 

4.8 

Orchard  grass 

45-58  (2) 

0.8 

0.7 

0.8 

0.7 

0.9 

3.2 

4.1 

2.7 

3.5 

3.2 

Pine  forest 

41-59  (2) 

1.1 

1.5 

0.7 

1.5 

1.2 

2.8 

3.3 

2.4 

3.1 

3.1 

Plowed  field 

26-45  (3) 

2.7 

1.4 

1.9 

2.9 

2.1 

3.2 

2.1 

2.6 

3.4 

2.7 

Soybean 

28-49  (2) 

0.5 

0.3 

0.4 

0.5 

0.5 

3.7 

3.4 

3.1 

3.9 

3.9 

Steppe  grass 

27-35  (2) 

2.6 

2.0 

2.1 

2.6 

2.1 

2.5 

2.0 

2.2 

2.5 

2.2 

Hard  wheat 

32-51  (2) 

1.9 

1.2 

1.1 

1.9 

1.2 

3.5 

4.4 

2.5 

4.3 

2.8 

Irrigated  wheat 

26-42  (2) 

1.0 

0.7 

0.7 

1.0 

0.8 

3.1 

4.8 

4.0 

2.5 

3.1 

Cobble 

28-49  (3) 

3.6 

1.9 

2.7 

2.8 

2.6 

3.5 

1.8 

2.7 

2.6 

2.4 

Lava 

33-52  (3) 

1.8 

1.9 

2.0 

1.8 

2.0 

2.4 

2.5 

2.5 

2.4 

2.3 

Playa 

28-54  (4) 

3.7 

2.8 

4.3 

4.2 

4.0 

4.1 

3.1 

4.5 

4.4 

4.2 

(4)  robustness.  Two  criteria  are  established  to  measure  the 
robustness  of  models.  The  first  is  to  measure  the  standard 
deviation  of  the  retrieved  ko(X)  when  0g  varies  (for  a  given 
surface)  over  the  whole  range  of  available  sun  angles.  The 
coefficient  corresponds  to  the  'Lambertian’  basis  of 
the  BRDF  for  each  model.  Table  IV  reports  the  range  of  the 
above  standard  deviation  of  k^iX)  for  the  whole  data  set. 
This  criterion  favors  the  Legendre  model;  next  come  the 
Roujean  and  Walthall  models. 

The  second  criterion  is  to  examine  the  rms  error  when 
some  data  occupying  part  of  the  available  directional  space 
are  discarded.  This  latter  criterion  is  important  since  it 
measures  the  ability  to  extrapolate  a  model  to  sun  or  view 
angles  which  have  not  been  used  to  retrieve  the  model 
parameters  in  the  fitting  procedure.  Table  V  shows  the  rms 
performance  of  the  Legendre  and  Roujean  models  on  a  few 
sites  in  5  different  situations  :  (1)  all  data,  (2)  forward 
scattering  region  only,  (3)  backscattering  region  only,  (4) 
data  with  0v  <  60°  only  (internal  circlet),  (5)  data  with 
0v>5O°  only  (external  circlet).  This  table  shows  that  in 
most  situations  the  Legendre  model  is  less  robust  than  the 
Roujean  model.  This  is  not  surprising  since  the  Legendre 
model  is  completely  empirical,  while  the  semi-empirical 
nature  of  the  model  of  Roujean  permits  to  resist  better  to 
‘holes’  in  the  BRDF  data  set. 


Table  IV:  Range  of  standard  deviation  of  k^  (see  text). 


Deoing 

Legendre 

Roujean 

Shibeyama 

WalthaU 

Visible 

0.04 

0.01 

0.02 

0.03 

0.02 

Near  infrared 

0.06 

0.04 

0.05 

0.06 

0.05 

Table  V:  rms  error  performance  (%  of  reflectance). 


Soybean  Prairie 

Bare 

soil 

Spruce 

forest 

Roujean  model 
All  data 

0.35 

1.47 

1.42 

1.24 

Forward  side 

0.44 

1.99 

1.49 

2.05 

Backward  side 

0.55 

1.92 

1.51 

1.56 

Internal  circlet 

0.35 

3.73 

1.57 

2.44 

External  circlet 

0.51 

1.95 

1.56 

1.27 

Legendre  spherical  harmonics 
All  data  0.30 

1.06 

1.29 

0.98 

Forward  side 

0.68 

4.51 

2.58 

1.38 

Backward  side 

0.49 

2.50 

9,58 

3.81 

Internal  circlet 

0.30 

1.44 

1.41 

1.17 

External  circlet 

0.49 

7.81 

11.94 

1.00 
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Roujean 


Legendre 


Shibayama 


Walthall 


0  20  40  60 

Shibayama 


0  20  40  60 

Walthall 


0  20  40  60 


Figure  4:  Modeled  versus  measured  hemispherical 
reflectances  (%  of  reflectance),  (a)  visible,  (b)  near  infrared. 


CONCLUSION 

This  study  has  compared  several  linear  BRDF  models  as 
candidates  for  the  compositing  algorithm  of  POLDER 
surface  reflectance  data.  The  various  models  were  tested 
against  a  variety  of  field  BRDF  data,  and  several  criteria 
were  examined.  The  paper  shows  that  the  purely  empirical 
model  based  on  spherical  harmonics  leads  to  the  best 
adjustments  of  BRDF  data,  and  that  the  semi-empirical 
model  of  Roujean  et  al  produces  an  adjustment  less  good 
than  the  Legendre  model  but  somewhat  better  than  the  other 
models.  On  the  other  hand,  the  purely  empirical  nature  of 
the  Legendre  model  leads  to  more  instability,  when  data  are 
discarded  from  the  data  set,  than  the  Roujean  model.  This  is 
why  we  eventually  chose  the  Roujean  model  for  the 
POLDER  algorithm.  The  overall  shape  of  the  BRDF  is  well 
reproduced  by  the  model,  except  for  the  hot  spot  and 
specular  directions.  The  model  reproduces  satisfactorily 


hemispherical  reflectances,  an  important  step  for  the 
estimation  of  surface  albedo. 
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ABSTRACT 

Recently,  NOAA  developed  the  AVHRR-based 
Vegetation  Condition  Index  (VCI)  for  drought  monitoring. 
This  index  was  used  for  estimating  pasture  and  crop 
productivity  in  Kazakhstan.  The  results  of  VCI-derived 
vegetation  conditions  were  compared  with  vegetation  density, 
biomass  and  reflectance  measured  in  different  climatic  and 
ecological  zones  with  elevation  from  200  to  700  m  and  a  large 
range  of  the  NDVI  variation  (over  space  and  season)  from 
0.05  to  0.47.  An  estimation  error  of  AVHRR-derived 
vegetation  density  was  less  than  16  per  cent.  First  time  it  was 
shown  that  the  VCLderived  vegetation  condition  data  can  be 
effectively  used  for  quantitative  assessments  of  both 
vegetation  state  and  productivity  (density  and  biomass)  over 
large  areas. 

INTRODUCTION 

Drought  is  the  typical  phenomenon  of  the  Kazakh  climate 
which  occurs  every  two  to  four  years.  In  order  to  mitigate 
drought  consequences  thorough  monitoring  of  drought  start, 
expansion  and  duration  is  required.  The  goal  of  the  work  was 
to  develop  and  test  algorithms  for  using  data  obtained  by  the 
Advanced  Very  High  Resolution  Radiometer  (AVHRR) 
flown  on  NOAA  polar  orbiting  satellites  for  quantitative 
monitoring  seasonal  dynamics  of  pasture  and  crop  conditions 
and  production  in  Kazakhstan.  In  the  paper  we  present 
comprehensive  results  of  the  validation  of  AVHRR-derived 
vegetation  conditions  with  actually  measured  vegetation 
density. 

DATA  AND  METHODS 

Satellite  data  set  contained  Global  Vegetation  Index  (16 
km  spatial  resolution,  7  days  temporal  resolution)  from 
NOAA-9,  NOAA-ll,  and  NOAA-14  (Ohring  et  al,  1989)  in  a 
period  from  1985  to  1995.  Ground  data  included  historical  set 
for  the  period  from  1985  to  1995  on  10-day  total  precipitation 
(mm),  average  temperature,  end  of  10-day  soil  moisture, 
phenology  and  vegetation  density  (number  of  plants  per 
square  meter)  from  six  weather  stations  located  in 
different  climatic  zones  of  Kazakhstan.  During  the 


growing  seasons  of  1994  and  1995,  the  biomass  of  winter 
wheat  and  spring  barley  (three  plots)  and  that  of  grass  (four 
plots)  were  measured  at  two  weather  stations  in  Almaty 
region.  Simultaneously  upwelling  radiance  of  vegetation  and 
reference  white  plate  were  measured  with  hand-held 
radiometer  in  twenty  different  locations  of  each  plot  and 
average  and  median  values  were  calculated.  These 
measurements  were  made  in  the  spectral  bands  corresponding 
to  the  red  and  near  infra-red  channels  of  the  AVHRR  sensor. 
The  reflectance  were  determined  as  ratio  of  upwelling 
radiance  of  vegetation  to  that  of  reference  plate.  NDVI 
variation  over  space  were  studied  also  using  airborne 
radiometer  in  the  channels  of  NDVI. 

The  highest  and  the  lowest  NDVI  values  during  1985- 
1995  for  each  of  the  52  weeks  of  the  year  and  for  each  pixel 
was  calculated.  The  weather  component  of  the  NDVI  was 
enhanced  by  separating  it  from  the  ecosystem  component  [1- 
3].  The  weather-related  NDVI  envelope  was  linearly  scaled 
from  zero  (minimum  NDVI)  to  100  (maximum  NDVI)  for 
each  grid  cell  and  week.  The  resulting  index  was  named  the 
Vegetation  Condition  Index  (VCI)  defined  by  the  following: 

VCI  =  (NDVI-NDVIjnedV 

(NDVW-NDVIjnin) 

where  NDVI,  NDVI  max  NDVI  min  the  smoothed 
weekly  NDVI  [4],  its  multi-year  maximum,  and  multi-year 
minimum,  respectively,  calculated  for  each  pixel. 

The  average  VCI  data  for  the  area  of  48  km  by  48  km  (3 
by  3  GVI  pixels)  were  collected  around  six  weather  stations 
with  the  experimental  plots.  These  stations  are  located  in 
southern  (Almaty  region),  central  (Jeskazgan),  and  northern 
(Akmola)  Kazal^stan.  Analysis  was  done  for  two  years  with 
different  weather  conditions,  1991  dry  and  1992  wet.  Data  on 
density  of  vegetation  were  measured  several  times  (5  to  11) 
for  the  growing  season  in  a  period  from  1985  to  1995.  For 
comparison  with  VCI,  the  ground  measurements  of  density 
were  expressed  in  terms  of  multi-year  variation.  Each 
measurement,  Dj,  was  expressed  as  a  deviation  from  median, 
Dmed»  values  and  normalized  to  the  range  of  multi-year 
fluctuation  of  the  density,  (Djj^^x '  ^min)- 

5D,(%)  =  (Dj  -  Djj^gj)/(Dj^2^x  “  ^min) 
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Fig  1.  NDVI  and  VCI  dynamics  at  station  36819  (Almaty  region)  in  1991  (dry)  and  1992  (favorable  conditions). 


RESULTS  AND  DISCUSSION 

NDVI  and  VCI  dynamics  on  one  of  the  test  sites  in 
Kazakhstan  during  two  years  with  extremely  different  weather 
conditions  are  shown  in  Fig.  1.  Although  NDVI  had  very 
similar  dynamics  during  these  years,  the  VCI  indicates  that  the 
dynamics  of  vegetation  conditions  were  very  different  and 
VCI  values  in  1992  were  two  to  three  times  larger  than  in 
1991. 

The  attempt  was  made  to  find  out  whether  AVHRR> 
derived  VCI  can  be  used  as  an  quantitative  indicator  of 
vegetation  productivity  on  a  large  area.  The  good  match 
between  VCI-  and  density-derived  conditions  shown  in  Figs.  2 
and  3.  Despite  of  the  fact  that  six  selected  stations  were 


located  in  very  different  climatic  and  ecological  zones,  with 
elevation  changing  from  300  to  700  m  and  a  large  range  of 
NDVI  variation  (over  space  and  season)  from  0.05  to  0.47,  all 
station  points  were  located  around  the  same  correlation  line 
(Fig.  4).  Al^ough  there  are  some  local  differences,  correlation 
was  high  r  =  0.76  with  an  estimating  error  of  vegetation 
density  of  less  than  16  percent.  This  error  is  less  for  low 
density,  indicating  that  in  cases  of  very  unfavorable  weather 
(such  as  drought)  the  accuracy  of  VCI-derived  estimates  is 
higher.  One  of  the  main  causes  for  scattering  of  the  VCI  vs. 
Density  relationship  may  be  the  difference  between  aerial 
estimates  from  satellite  data  and  point  measurements  of  ground 
density. 
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Fig.  2.  Comparison  of  the  VCI  and  multi-year  density  variation  from  median  values  in  1991  and  1992.  Station  36819  (Almaty 

region) 
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The  findings  are  the  first  step  in  validating  the  VCI.  First 
time  it  was  shown  that  the  VCI-derived  vegetation  condition 
data  can  be  effectively  used  for  quantitative  assessments  of 
density  and  biomass  of  vegetation  over  large  areas. 
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Fig.  4.  Correlation  between  the  VCI-derived  and  actually  measured  density  of  vegetation  for  six  weather  stations  and  for  two 

years  (1991  and  1992). 
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ABSTRACT 

A  controlled  laboratory  experiment  was  conducted  to  test 
the  null  hypothesis  that  the  nadir  reflectance  of 
Pleurozium  scheberi  (a  feather  moss)  in  the  red  (pred), 
near-infrared  (pnir),  and  infrared  (pni)  bands  is  not  a 
function  of  live  layer  moisture  content.  Reflectance 
spectra  were  acquired  from  replicate  moss  turves  over  five 
dry  down  stages  ranging  from  4.8  g  water/g  moss  to  0  g/g. 
Replicate  spectra  showed  a  maximum  13.5%  increase  in 
Pred;  almost  no  significant  change  in  pmr;  and  over  20% 
increase  in  piR.  However,  pred  variations  due  to  drying 
before  desiccation  were  less  than  2%.  Inter-replicate 
differences  in  reflectance  were  often  larger  than  dry  down 
differences.  NIR  understory  reflectance  measured  in  a 
moss  dominated  BOREAS  site  showed  a  significant 
seasonal  change  in  pnir  which  is  not  likely  due  to  moisture 
variations. 

INTRODUCTION 

One  of  the  aims  of  the  BOReal  Ecosystem  Atmosphere 
Study  (BOREAS)  is  to  model  spatial  variations  in  carbon 
flux  at  various  scales[l].  A  large  proportion  of  the 
northern  boreal  forest  consists  of  Picea  Mariana  (black 
spruce)  stands  with  a  moss  dominated  understory[2].  The 
low  canopy  cover  of  back  spruce  stands  suggests  that 
factors  influencing  understory  reflectance  should  be 
identified  both  to  assist  remote  sensing  efforts  and  to 
parameterize  carbon  flux  models.  Field  measurements  of 
Pleurozium  scheberi  dominated  understories  indicated 
some  seasonal  variations  in  nadir  reflectance[3].  The 
relationship  between  moss  moisture  contents  and  changes 
in  surface  nadir  reflectance  (p)  has  not  been  investigated. 
This  study  represents  an  initial  controlled  experiment  to 
determine  if  p  variations  observed  in  the  field  could  be 
driven  by,  or  even  supplemented  by,  variations  due  to 
moisture  content. 

PURPOSE  AND  HYPOTHESES 

The  purpose  of  the  experiment  was  to  determine  if  the 
relationship  between  moss  moisture  content  and  p  was 
significant  enough  to  warrant  further  studies  in  situ.  The 
0-7803-3068-4/96$5.00©1996  IEEE 


experiment  also  addressed  the  lack  of  controlled 
characterizations  of  p  of  Pleurozium  scheberi  and  feather 
mosses  in  general.  Finally,  the  experiment  provided 
information  regarding  the  relative  magnitude  of  between 
treatment  versus  between  replicate  variations  of  p.  The 
experiment  measured  p  over  a  large  number  of  bands. 
However,  for  convenience,  hypotheses  referred  to 
LAND  SAT  TM  bands  Pred  (630  nm  to  690  nm),  pnir 
(760  nm  to  900  nm)  and  pm  (1550  nm  to  1750  nm). 

The  null  hypothesis  was  that  Pred,  Pnir»  Pir  of  the  surface 
of  a  live  layer  of  Pleurozium  scheberi  is  not  related  to  live 
layer  moisture  content.  The  lack  of  controls  and 
monitoring  of  other  moss  characteristics  prohibited  the 
definition  of  an  alternate  hypothesis  that  attributed 
changes  in  p  to  moisture  alone.  An  additional  null 
hypothesis  that  the  between  replicate  differences  in  p  are 
significantly  different  than  the  treatment  differences  was 
also  tested.  If  p  varied  more  between  replicate  rather  than 
between  treatments  one  would  suggest  that  factors  other 
than  moisture  may  also  cause  variations  p. 

MATERIALS  AND  METHODOLOGY 

The  laboratory  experiment  used  three  turves  (A,B,  and  C) 
of  live  moss.  The  turves  were  harvested  near  the  end  of  a 
prolonged  rain  storm  at  a  Scotch  Pine  stand  at 
approximately  78°  W  longitude  and  43°40’  N  latitude  in 
Ontario,  Canada.  Each  turve  had  a  20cm  long  x  20cm 
wide  X  8cm  deep  live  layer.  The  turves  were  acclimatized 
to  the  laboratory  room  for  24  hours.  Loose  litter  was 
removed  from  the  turves’  surfaces.  The  live  layer  of  each 
turve  was  removed  and  mounted  on  a  pre-weighed  mesh 
platform.  A  fourth  turve  (D)  represented  desiccated  moss. 
This  turve  had  been  harvested  at  the  BOREAS  Northern 
Old  Black  Spruce  (NOBS)  field  site  and  oven  dried  at  a 
very  low  temperature  until  it  was  completely  desiccated. 

The  York  University  BRDF  facility  was  used  to  acquire 
radiance  measurements.  A  lOOOW  halogen  lamp  with  a 
collimated  beam  provided  illumination  at  a  45  degree 
zenith  angle.  An  ASD  field  spectrometer  measured  target 
nadir  radiance  in  1  nm  bands  from  350  nm  to  1750  nm. 
A  2  degree  field  of  view  lens  was  used  with  the 
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spectrometer  giving  a  2.5  cm  diameter  target  size.  A 
Spectrolon  panel  was  used  as  a  white  reference. 

Turves  A,B,  and  C  dried  down  in  four  stages  (including 
the  initial  wet  stage)  over  a  period  of  30  hours.  A  table 
fan  on  its  lowest  setting  was  used  to  speed  drying.  Turve 
D  was  assumed  representative  of  all  turves  at  desiccation. 
The  Spectrolon  panel  radiance  was  measured  at  the  start 
of  each  dry-down  stage.  Each  turve  was  weighed  and  nine 
non-overlapping  radiance  measurements  were  acquired. 
The  p  spectrum  corresponding  to  a  radiance  measurement 
was  estimated  using  the  Spectrolon  panel  radiance 
measurement  corresponding  to  the  drydown  stage.  Mean 
spectra  were  computed  for  each  set  of  nine  p  spectra. 

OBSERVATIONS  AND  ANALYSIS 

Fig.  1  shows  the  mean  spectra  for  A  at  each  dry  down 
stage.  Tables  1,2,  and  3  give  the  mean  and  standard 
deviation  of  mean  pred,  Pnir,  and  pm  for  A,B,  and  C.  A 
symbol  is  indicated  beside  measurements  which 
provided  evidence  against  the  null  hypothesis  that  there  is 
no  difference  between  reflectance  at  a  given  dry  down 
stage  compared  to  the  initial  wet  stage  at  a  95% 
significance  level.  A  “**”  symbol  is  indicated  besides 
stages  where  there  was  evidence  against  the  null 
hypothesis  that  replicates  A  and  B  have  the  same  mean 
reflectance  at  a  95%  significance  level.  C  started  at  a 
higher  initial  moisture  content  and  was  not  used  for 
testing  the  second  null  hypothesis. 

A  and  B  had  almost  identical  initial  moisture  contents  of 
3.4  g/g  and  3.27  g/g  and  dried  to  1.25  g/g  and  1.06  g/g 
respectively.  C  started  at  a  moisture  content  of  4.8  g/g 
and  dried  dovm  to  1.47  g/g.  The  moisture  contents 
measured  were  lower  than  the  range  of  14.6  g/g  to  1.27 
g/g  measured  at  the  NOBS  site  during  August  1994 


350  550  750  950  1150  1350  1550  1750 

Wavelength  (nm) 

Fig.  1  Mean  moss  nadir  reflectance  at  five  diy  down  stages  (Turve  A) 


and  the  field  dry  down  rates  were  lower  than  those 
observed  in  the  lab.  However,  moisture  contents  and  dry 
down  rates  observed  in  the  lab  were  similar  to  those 
reported  at  other  black  spruce  sites  [4]. 

Fig.  1  and  Table  1  indicate  a  statistically  significant 
increase  in  pred  on  the  order  of  1%.  No  significant 
further  increase  is  seen  with  subsequent  drying  until 
desiccation  occurs.  At  desiccation  (stage  5)  a  14.5% 
increase  in  pred  in  comparison  to  the  stage  1  was  noted. 
The  increases  in  pred  were  likely  due  to  a  reduction  in  red 
absorption  due  to  chlorophyll  depletion  bought  about  by 
moisture  stress  as  demonstrated  in  [5].  Figure  2  shows 
moss  dominated  understory  mean  p  at  the  BOREAS 
southern  “Old  Black  Spruce”  (OBS)  site.  The  slight 
increase  in  pred  over  the  growing  season  may  be  due  to 
moisture  differences  rather  than  seasonal  changes. 

Fig.  1  and  Table  2  indicate  a  significant  change  in  pmr 
only  between  stage  1  and  2  and  only  for  B  and  C.  Both  A 
and  B  show  no  evidence  against  the  null  hypothesis  that 
Pnir  did  not  change  with  dry  down  between  stages  1  to  4. 
C  showed  evidence  against  this  null  hypothesis  at  all 
stages.  There  was  evidence  against  the  null  hypothesis 
that  there  are  no  replicate  differences  at  all  stages.  The 
large  inter-replicate  differences  in  pmr  suggested  that 
moisture  differences  were  not  the  primary  cause  of  pnir 
variations  duri.'g  drydown.  Cellulose  and  lignin  in  plant 
matter  give  rise  to  scattering  in  NIR.  The  large  inter- 
replicate  Pnir  variations  may  be  due  to  differences  in  moss 
shoot  density  and  needle  litter  density  in  the  turves.  Fig.  2 
shows  a  large  increase  in  pNm.  over  the  growing  season 
(which  was  not  observed  in  a  more  northern  site).  This 
increase  may  be  due  to  organic  matter  such  as  needles 
which  have  been  trapped  in  the  moss  surface. 


Fig.  2  Mean  reflectance  of  moss  dominated  sunlit  understoiy  in  the 
BOREAS  Southern  OBS  site  during  middle  and  late  growing  season. 
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Fig.  1  and  Table  3  indicate  that  there  was  evidence 
against  the  null  hypothesis  that  moisture  is  unrelated  to 
piR  at  all  drydown  stages  for  all  replicates.  A  30%  absolute 
increase  in  pm  was  noted  between  stage  1  and  4.  In 
addition,  Fig.  1  indicates  that  the  increase  in  pm  is 
monotonic  with  decreasing  moisture  content.  Only  stage 
2  showed  evidence  against  the  null  hypothesis  that  there 
were  no  inter-replicate  differences  in  pm. 


Table  1  Mean  &  standard  deviation  of  Pred  during  drydown 


A 

B 

C 

Stage 

Pred 

la 

Pred 

la 

Pred 

la 

1 

2.85 

0.23 

2.95 

0.18 

2.69 

0.13 

2** 

3.49* 

0.15 

4.10* 

0.23 

4.01* 

0.26 

3** 

3.31 

0.26 

4.42* 

0.33 

4.11* 

0.39 

4 

3.68* 

0.14 

4.03* 

0.28 

4.09* 

0.31 

5 

16.3* 

0.91 

16.3* 

0.91 

16.3* 

0.91 

Table  2  Mean  &  standard  deviation  of  pnm  during  drydown 
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Stage 

Pnir 

la 

Pnir 

la 

Pnir 
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22.3 

2.1 

26.3 

0.53 

29.8 

1.1 

2** 

24.4 

1.2 

29.4* 

1.7 

35.1* 

2.4 

3** 

20.8 

1.4 

28.1 

1.6 

35.8* 

2.1 

4** 

21.8 

1.0 

25.9 

1.4 

33.3* 

2.1 

5 

29.3* 

1.5 

29.3* 

1.5 

29.3 

1.5 

Table  3  Mean  &  standard  deviation  of  pm  during  drydown 
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mm 

la 
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la 

1 

11.4 
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0.57 

9.2 

nsiB 

KdUl 

IsSUil 

1.4 

38.3* 

Itfiia 

BEI 

43.4* 

4 

31.3* 

1.3 

34.4* 

40.7* 

5 

39.6* 

_iAJ 

CONCLUSIONS 


The  turves  tested  spanned  a  plausible  range  of  moisture 
contents  and  drydown  rates.  There  was  evidence  against 
the  null  hypothesis  that  moss  moisture  content  and  nadir 
reflectance  are  not  related  in  RED;  no  evidence  in  NIR; 
and  strong  evidence  in  IR.  The  absolute  magnitude  of  the 
change  in  pred  was  near  1%  until  desiccation,  where  it 
jumped  to  over  10%.  There  was  a  monotonic  increase  in 
pm  of  up  to  30%  even  before  desiccation. 


There  was  infrequent  evidence  against  the  null  hypothesis 
that  there  are  no  inter-replicate  differences  in  RED  and 
IR;  while  there  was  strong  evidence  in  NIR.  It  was 
suggested  that  the  inter-replicate  differences  in  NIR 
response  are  due  to  differences  in  structural  organic 
matter,  such  as  needles,  trapped  in  the  moss.  The 
increase  in  NIR  reflectance  observed  in  the  field  may  be 
due  to  an  increase  in  needle  litter  and  understory  species 
later  in  the  growing  season. 

The  very  small  changes  in  pred  during  drying  coupled 
with  canopy  absorption  in  RED  suggest  that  both  energy 
balance  and  remote  sensing  models  need  only  consider 
moisture  driven  changes  in  Pred  when  desiccation  occurs. 
Coincident  in  situ  measurement  of  moss  moisture  status 
and  reflectance  could  be  performed  to  determine  the  cause 
of  seasonal  changes  in  pm.  Additional  replicates  would 
permit  analysis  of  the  proportion  of  p  variation  due  to 
moisture  alone.  Significant  changes  in  understory  pm  due 
to  moisture  may  have  an  effect  on  understory  PAR, 
surface  heating,  and  top  of  canopy  radiance  The  observed 
relationship  between  moss  moisture  status,  if  supported  by 
further  drydown  measurements,  could  be  incorporated  in 
remote  sensing  models  and  may  give  information 
regarding  spatial  variations  of  surface  moisture  if 
atmospheric  and  canopy  related  effects  can  be  modeled. 
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Abstract  -  Natural  and  anthropogenic  disturbance  in  tallgrass 
prairie  communities  can  induce  changes  in  plant  species 
composition,  including  shifts  in  abundance  of  C3  vs.  C4 
lifeforms.  The  asynchronous  seasonalities  in  greenness  that  C3 
and  C4  species  exhibit  should  enable  monitoring  of  their 
relative  abundance  using  sensor  derived  vegetation  indices, 
such  as  NDVI.  We  used  close-range  measurements  made 
over  22  experimental  plots  at  the  Konza  Prairie  Research 
Natural  Area  (KPRNA)  to  evaluate  seasonal  trajectories  in 
canopy  greenness  as  a  function  of  C3/C4  ratio.  NDVI  data 
were  collected  from  each  plot  at  approximately  ten  day 
intervals  throughout  the  1995  growing  season.  Temporal 
trajectories  were  used  to  develop  discriminant  functions  to 
model  relative  C3/C4  abundances.  The  discriminant  model 
yielded  values  of  KendalTs  and  Cohen’s  k  statistic  of  0.794 
and  0.781,  indicating  strong  agreement  between  classes  and 
an  overall  classification  significantly  better  than  random 
assignment.  Results  suggest  the  possibility  of  applying 
spectral-temporal  mixture  models  derived  from  close-range 
sensing  to  larger  scale  monitoring  of  tallgrass  prairie. 

INTRODUCTION 

Disturbance  is  a  crucial  element  in  maintenance  of  the 
tallgrass  prairie  ecosystem.  Disturbance  can  be  of  natural  or 
human  origin.  Fire  and  grazing,  for  example,  are  two 
common  and  important  prairie  disturbances  that  occur 
naturally  but  are  also  linked  to  human  land  use.  Climatic 
perturbations  (e.g. ,  drought)  are  natural  phenomena;  whereas, 
supplementation  of  water  and  nutrients  and  the  introduction 
of  invasive  exotic  species  are  anthropogenic  effects. 

Both  natural  and  anthropogenic  disturbances  in  tallgrass 
prairie  can  induce  changes  in  plant  species  composition, 
including  the  relative  abundance  of  C3  vs.  C4  lifeforms. 
These  lifeforms  are  distinguished  by  the  photosynthetic 


pathway  by  which  carbon  is  fixed  into  carbohydrate. 
Typically,  C3  species  are  "cool  season"  plants,  with  lower 
light  saturation  levels  and  higher  transpiration  rates  than  C4 
"warm  season"  species  [1].  These  two  vegetation  types  reach 
maximum  phonological  activity  under  different  environmental 
conditions,  hence  they  exhibit  asynchronous  seasonality  in 
greenness.  Accordingly,  it  should  be  possible  to  monitor 
their  relative  abundance  using  spectral-temporal  sensing 
techniques.  Here  we  explore  the  possibility  of  using  seasonal 
trajectories  of  NDVI  to  develop  a  spectral  mixing  model  for 
characterizing  C3/C4  ratio. 

STUDY  SITE  AND  DATA  COLLECTION 

Close-range  sensing  data  were  collected  from  22 
experimental  plots  located  at  the  Konza  Prairie  Research 
Natural  Area  (KPRNA)  near  Manhattan,  KS.  These 
experimental  plots  had  been  manipulated  by  a  combination  of 
bum  frequency  and  nutrient  addition  over  several  years, 
resulting  in  a  range  of  possible  prairie  canopy  types  varying 
both  in  lifeform  and  species  composition.  Eight  separate  sites 
within  each  plot  were  sampled,  resulting  in  a  total  of  176 
sampling  locations.  These  data  were  collected  at 
approximately  ten  day  intervals  during  the  1995  growing 
season  using  a  Cropscan  MSR-87  eight  band 
spectroradiometer.  The  radiometer  was  suspended  over  each 
measurement  site  on  a  hand-held  mast  at  a  height  of 
approximately  two  meters  above  the  level  of  the  substrate. 
T^e  MSR-87  has  a  field  of  view  of  28°,  yielding  a  circular 
measurement  area  with  a  diameter  of  one  meter.  Normalized 
difference  was  calculated  as  (NIR-RED)/(NIR+RED).  We 
used  MSR  band  5  (635-685  nm)  for  red  reflectance  and  MSR 
band  8  (757-870  nm)  for  near  infrared  reflectance. 

Species  composition  within  each  measurement  site  was 
determined  by  sampling  the  site  using  a  modified  Daubenmire 


0-7803-3068-4/96$5.00©1996  IEEE 


215 


procedure  with  a  20  x  50  cm  quadrat.  Individual  species 
within  the  sampling  frame  were  classified  into  four  lifeform 
categories:  C3  graminoid,  C4  graminoid,  C3  forb,  and  woody 
vegetation. 

THE  SPECTRAL  MIXING  MODEL 

Unlike  many  other  mixture  models  applied  to  remote 
sensing  data,  our  goal  was  not  to  estimate  relative  areas  of 
cover  type  at  a  subpixel  scale  within  a  single  scene.  Instead, 
we  seek  to  estimate  the  relative  abundance  of  intermixed, 
spectrally  similar  components  of  a  vegetative  canopy.  The 
separability  of  mixture  components  are  revealed  not  in  their 
spectral  reflectivity  at  any  one  time,  but  in  the  temporal 
trajectory  of  their  greenness.  It  was  thus  necessary  to 
develop  metrics  to  summarize  the  temporal  behavior.  Fig.  1 
shows  the  mean  NDVI  for  sites  with  nearly  uniform  coverage 
of  C3  and  C4  species,  together  with  a  trajectory  from  sites 
with  roughly  even  proportions  of  both  types  plotted  against 
growing  degree  day.  There  are  clearly  identifiable 
differences  between  these  three  trajectories  during  the 
growing  season.  It  is  also  apparent  that  these  differences  can 
be  summarized  by  the  behavior  of  the  curves  at  various 
growing  degree  days.  Three  indices  seemed  particularly 
sensitive  to  C3/C4  ratio:  (1)  the  growing  degree  day  at  which 
the  peak  rate  of  greenup  occurs  (GDDUP);  (2)  GDD  of  peak 
greenness  (GDDPEAK);  and  (3)  mean  rate  of  browndown 
(RATEDN).  These  indices  were  calculated  by  first 
smoothing  the  seasonal  NDVI  curve  using  a  three-point 
moving  average,  then  numerically  differentiating  the  curve 
using  a  divided  difference  algorithm  [2].  GDDUP  and 
GDDPEAK  were  determined  by  noting  the  GDD  at  which 
maximum  and  zero  derivative  occurred,  respectively.  In 
addition,  GDDPEAK  required  interpolating  the  position  of 
zero  between  the  last  positive  and  first  negative  derivatives 
within  the  curve.  RATEDN  was  determined  by  averaging 
derivatives  for  all  growing  degree  days  after  the  peak  NDVI 
value. 

Once  the  spectral-temporal  metrics  were  calculated  for  each 
of  the  176  measurement  sites,  they  were  submitted  as 
dependent  variables  to  discriminant  analysis.  Discriminant 
models  have  been  used  frequently  in  both  remote  sensing 
classification  problems  and  in  statistical  analysis  of  mixtures 
[3,4].  Essentially,  discriminant  analysis  forms  groups  by 
deriving  probability  density  functions  for  class  membership 
using  a  subset  of  the  entire  data  set  (i.e.,  training  data),  then 
assigning  each  measurement  in  the  data  set  to  its  most 
probable  class.  The  mathematics  of  discriminant  models  have 
been  extensively  described  in  the  statistical  literature  [5] . 

Discriminant  models  require  data  grouped  into  categorical 
variables.  We  sorted  the  species  composition  data  into  two 
groups:  C3  graminoids  and  forbs  vs.  C4  graminoids  and 
woody  vegetation.  Classes  were  then  developed  based  on  the 


Figure  1.  Temporal  NDVI  curves  for  sites  with 
approximately  0,  50,  and  100%  C3  species  composition. 

percentage  of  C3  coverage  at  each  measurement  site. 
Initially,  five  classes  were  created:  (1)  plots  with  no  C3  grass 
or  forb  coverage;  (2)  plots  with  C3  coverage  ranging  from  1- 
25%;  (3)  26-50%  C3  coverage;  (4)  51-75%  C3  coverage;  and 
(5)  76-100%  C3  coverage.  Preliminary  analysis  of  this 
classification  scheme  revealed  considerable  confusion  between 
classes.  Based  on  the  confusion  matrix  from  this  initial 
scheme  (Table  1),  the  five  classes  were  reduced  to  three  by 
aggregating  classes  1+2  and  classes  3+4.  Class  5  was 
retained  and  renamed  class  3. 

The  results  of  the  discriminant  model  are  summarized  in 
Table  (2).  Validation  of  the  model  is  based  on  dividing  the 
dataset  into  two  roughly  equal  halves,  each  containing  four  of 
the  eight  measurement  sites  from  each  plot.  One  half  was 
designated  the  training  set  and  the  other  was  used  for  model 
cross-validation.  All  categorical  frequencies  and  measures  of 
association  presented  in  Table  (2)  result  from  classification  of 
the  validation  dataset  using  the  discriminant  functions  derived 
from  the  training  dataset. 

DISCUSSION 

It  is  apparent  from  the  information  in  Table  2  that  the 
mixture  model  for  three  categories  produced  strong  results. 


Table  1 .  Confusion  matrix  for  five  classes 
Reference 


Observed 

1 

2 

3 

4 

5 

1  - 

44 

20 

3 

0 

0 

2 

19 

26 

3 

5 

0 

3 

3 

3 

15 

11 

0 

4 

1 

0 

5 

8 

1 

5 

0 

0 

0 

1 

8 
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Table  2.  Confusion  Matrix  and  Agreement 
statistics  for  three  classes. 

Reference 

Observed  12  3 


1  55  4  0 

2  5  19  0 

3  0  0  5 


k=0.782 

Kendall’s  (a  measure  of  association  interpreted  like  a 
correlation  coefficient)  and  Cohen’s  k  statistic  indicate  strong 
agreement  between  all  classes  and  an  overall  classification 
significantly  better  than  random  assignment. 

Within  classes  some  patterns  of  confusion  do  emerge.  By 
percentage,  class  2  had  the  greatest  confusion  with  21% 
error.  Class  1  had  7%  error  and  class  3  had  no  misclassified 
cases.  Every  misclassified  case  was  incorrectly  placed  into 
an  adjacent  category.  In  an  ordered  data  set  such  as  this  one, 
this  pattern  means  that  the  misclassified  cases  were  "near- 
misses",  as  opposed  to  gross  misclassifications. 

Given  the  broad  range  of  %C3  values  comprising  class  2, 
it  seems  reasonable  that  most  of  the  error  would  be  associated 
with  this  class.  The  most  common  error  type,  however, 
occurred  when  a  case  belonging  to  class  2  being  misassigned 
to  class  1.  Examination  of  the  cases  plotted  in  the 
discriminant  space  (Figure  2)  reveals  class  2  to  be  less  well 
defined  than  the  others,  as  clearly  evident  in  the  dispersion  of 
cases  around  the  group  centroid.  Class  2  has  two  distinct 
clumps  of  outliers,  one  of  which  is  well  within  the  main 
cluster  of  class  1  values.  Misclassified  values  in  class  1  also 
comprise  an  outlying  cluster  contained  within  the  main  group 
of  class  2  values.  Subsequent  examination  of  these  cases 
reveal  that  all  are  borderline  cases  with  %C3  values  very 
close  to  25,  the  threshold  for  group  membership. 

Our  results  show  that  low  %C3  transitional  values  are  the 
most  difficult  to  classify.  Transitional  values  at  higher 
percentages  of  C3  coverage  appear  to  be  more  distinctive, 
since  no  values  were  misclassified.  Apparently,  as  the  %C3 
values  within  and  individual  plot  increase,  the  distinguishing 
spectral-temporal  features  become  more  prominent.  Thus 
class  2,  which  spans  a  large  range  of  %C3  values,  shows 
considerable  confusion  at  the  low  end  of  its  range  but  no 
confusion  at  the  higher  end.  Class  3  shows  no  confusion  at 
all,  although  one  class  3  datum  did  plot  away  from  the  main 
group  in  the  discriminant  space  (Figure  2).  Interpretation  of 
the  measures  of  agreement  should  be  done  with  some  caution 
due  to  the  uneven  class  sizes  and  the  small  number  of  cases 
in  class  3.  These  proportions,  however,  reflect  the  actual 
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Figure  2.  Plot  of  factors  in  discriminant  space.  Class  1  =  □, 
class  2=  A,  class  3  =  *. 

%C3  values  within  the  study  site.  However,  oversampling 
any  of  the  sites  to  balance  these  proportions  would  result  in 
a  model  based  on  a  training  data  set  which  did  not  reflect  the 
actual  site  being  studied. 

CONCLUSIONS 

Our  results  demonstrate  both  the  effectiveness  of  seasonal 
trajectories  of  NDVI  for  detecting  relative  C3/C4  fractions  in 
tallgrass  prairie  canopies  and  the  use  of  discriminant  based 
mixture  models  for  categorization  of  observations  based  on 
these  fractions.  Relative  C3/C4  ratio  is  diagnostic  of  a  variety 
of  surface  disturbances  of  relevance  to  environmental  impact 
and  change  processes,  hence  the  techniques  outlined  here 
show  promise  for  larger  scale  monitoring  of  tallgrass  prairie 
using  NDVI  values  derived  from  a  variety  of  space-borne 
remote  sensing  instruments. 
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Abstract  —  Scatterometer  backscatter  measurements  (cr^)  are 
primarily  and  traditionally  used  to  estimate  wind  speed  and 
direction  over  the  ocean.  This  paper  presents  an  investigation 
of  the  backscatter  coefficient  of  boreal  forest  and  neighboring 
vegetation  regions.  ERS-1  backscatter  v4-values  of  the  Cana¬ 
dian  boreal  forest  are  imaged  using  a  resolution  enhancement 
algorithm  for  this  analysis.  Regions  of  boreal  forest,  tundra, 
and  grassland  are  individually  analyzed  over  the  extent  of 
the  ERS-1  scatterometer’ s  data  set  (1992-1995).  The  annual 
variation  of  the  mean  cr®  value  for  each  region  is  presented. 
Distinct  seasonal  variations  exist  for  these  vegetation  types. 
Boreal  forests  exhibit  a  stronger  response  (^2.5  dB)  during 
warm  summer  months  than  during  the  snow  and  ice  covered 
winter  months.  The  results  of  this  study  indicate  good  poten¬ 
tial  for  further  analysis  of  boreal  forest  regions  using  ERS-1 
scatterometer  data. 

INTRODUCTION  AND  BACKGROUND 

Boreal  forests  are  found  in  cool,  temperate  zones  of  the  northern 
hemisphere,  typically  north  of  the  50^^  parallel  and  south  of 
the  Arctic  Circle.  Because  they  cover  such  massive  regions 
(^15  million  km^  worldwide),  boreal  forests  are  an  important 
factor  in  understanding  the  global  ecosystem.  Boreal  forest 
research  has  sought  to  determine  how  timber  resources  are 
being  managed,  the  effects  of  increasing  pollution  from  modern 
society  (i.e.,  acid  rain  and  global  warming  theories),  the  natural 
cycles  of  the  forest,  and  how  the  forest  adapts  to  change. 
Remote  sensing  techniques  including  aerial  photography  and 
SAR  imagery  have  found  use  in  studies  requiring  infrequent 
image  collection  (on  the  order  of  years)  and  studies  of  small  (< 
10  km^)  sections  of  forest.  However,  as  Shubert  et  al.  [1]  have 
suggested,  “The  processes  that  control  [boreal  forest]  patterns 
can  change  in  importance  as  the  space-  and  time-scales  of  the 
pattern  of  interest  are  changed.”  Thus,  the  understanding  of 
boreal  forest  cycles  over  small  sections  or  short  time  periods 
does  not  necessarily  apply  to  the  cycles  of  the  forest  on 
macroscopic  levels  or  over  long  time  periods.  A  means  of 
monitoring  the  forests  on  such  scales  needs  to  be  developed. 

Scatterometer  cr®  Measurements  and  SIR  Imagery 

The  European  Remote  Sensing  satellite,  ERS-1,  carries  a 
scatterometer  radar  which  measures  the  radar  backscattering 
coefficient  (cr®)  over  the  entire  earth.  The  primary  purpose  of 
this  measurement  is  to  determine  wind  speeds  and  directions 
over  the  ocean;  however,  backscatter  measurements  over  land 


surfaces  are  also  useful.  Kennett  and  Li  [3,  4]  demonstrated 
that  the  radar  backscatter  coefficient  values  over  land  are  well 
modeled  by  the  first-order  linear  function 

lO/o^io  (T\e)^A  -h;S(^-40°) 
where  6  is  the  incidence  angle  of  the  observation.  Such  research 
has  demonstrated  a  strong  correlation  between  A  and  B  and 
vegetation  type  and  surface  topology  [2,  3,4]. 

A  major  drawback  of  using  spaceborne  scatterometer  (t® 
measurements  to  study  vegetation  and  land  surfaces  is  the 
coarse  resolution  of  the  scatterometer  measurements  (^50  km 
for  ERS-1).  However,  spaceborne  scatterometers  offer  the 
distinct  advantages  of  frequent  fly-overs  at  a  wide  variety  of 
incidence  angles  over  a  period  of  many  years.  The  ERS-1 
scatterometer  has  provided  repeated  coverage  of  the  entire 
world  every  4-10  days  for  over  four  years.  These  characteristics 
make  spaceborne  scatterometer  cr®  measurements  an  attractive 
resource  for  studying  vegetation  on  a  regional  or  global  scale. 

A  new  resolution  enhancement  technique,  called  Scatterom¬ 
eter  Image  Reconstruction  (SIR)  [5],  has  the  ability  to  increase 
ERS-1  resolution  from  >50  km/pixel  to '--25  km/pixel  or  better. 
SIR  imagery,  along  with  the  frequent  coverage  of  spaceborne 
scatterometers  like  ERS-1,  can  aid  in  the  study  of  large  land  re¬ 
gions  with  ecological  significance.  This  paper  investigates  the 
use  of  enhanced  resolution  ERS-1  cr^  measurement  imagery  as 
a  technique  for  studying  boreal  forests  over  long  time  periods 
and  large  forest  regions. 

ANALYSIS  OF  BOREAL  FOREST  PATTERNS 

The  potential  of  ERS-1  SIR  imagery  for  studying  boreal  forest 
regions  is  investigated  by  first  making  imagery  of  the  Canadian 
boreal  forest  region  from  original  measurements.  Next, 
subregions  of  the  different  vegetation  types  in  the  study  area 
are  examined  over  a  four  year  period  to  investigate  interannual 
backscatter  variations. 

SIR  Imagery 

ERS-1  (x^  data  of  the  study  region  (50^  N  to  70®  N,  140® 
W  to  55®  W)  is  grouped  into  15-day  periods  from  Jan.  1, 
1992  through  Oct.  31,  1995  (extent  of  the  available  data  at 
press).  Each  15-day  data  group  is  then  processed  using  the  SIR 
algorithm,  producing  an  8.9  km/pixel  image  of  the  backscatter’ s 
.4- value  average  for  each  15-day  period. 

Fig,  1  shows  two  SIR  images  thus  produced.  Fig.  1(a)  is  the 
image  for  February  15-28,  1993.  Snow  and  ice  present  during 
this  winter  period  result  in  a  nearly  homogeneous  backscatter 
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(a)  Feb.  15-28,  1993 


.20  -16  -12  -S  -4 


(b)Aug.  15-31, 1993 

Figure  1:  SIR  Images  of  Canada.  The  overall  darkness  in  the  upper 
image  is  the  result  of  snow  and  ice  coverage.  The  bright  diagonal  band  in 
the  lower  image  is  the  boreal  forest. 

A-wdlue  with  little  discrimination  among  vegetation  types. 
However,  several  geographic  features  are  still  apparent. 

Fig.  1(b)  shows  the  region  for  August  15-31,  1993.  Here,  a 
distinctive  band  that  stretches  from  the  northwest  to  southeast 
corners  of  Canada  and  corresponds  to  the  boreal  forest  is  readily 
apparent.  This  image  reveals  higher  contrast  levels  among  the 
backscatter  >t-values  of  the  various  vegetation  types  in  the 
region. 

One  noticeable  problem  with  Fig.  1(b)  is  the  missing  image 
data  at  the  bottom  center  of  the  image.  The  missing  data  is 
due  to  SAR  operation  on  ERS-1  over  this  area  during  this  time 
period  and  is  a  problem  for  many  of  the  images  produced  in 
this  series. 

Seasonal  Variations 


60N  65N  TON 
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Figure  2:  A  map  of  Canada  indicating  the  six  vegetation  subregions. 

Fig.  3  is  a  graph  of  the  mean  ^-values  estimated  by  the  SIR 
algorithm  for  the  needleleaf  evergreen  forest  subregions  (#1 
and  #2).  In  these  plots,  the  dashed  line  represents  the  weighted 
average  of  the  ^-values  from  all  four  years.  Portions  of  the 
subregions  missing  data  (as  discussed  above)  are  not  included 
in  calculating  such  statistics.  The  backscatter  response  is  2-3 
dB  stronger  during  the  summer  than  the  winter.  Both  plots 
display  a  distinctly  increasing  slope  during  early  spring  that 
climaxes  around  JD  120  (May  1),  This  is  assumed  to  represent 
spring  vegetation  growth  following  the  melt-off  of  winter  snow 
and  ice.  A  symmetric  feature  occurs  in  the  late  summer  season 
as  the  autumn  vegetation  cycle  and  winter  freezing  begins. 
Note  that  this  occurs  earlier  for  the  northern  subregion  (about 
JD  260,  or  mid-September)  than  the  southern  subregion  (about 
JD  280,  or  mid-October). 

Fig.  4  is  a  similar  plot  for  lichen  woodland  subregions  (#3 
and  #4).  Here,  again,  the  spring  and  autumn  vegetation  cycles 
are  apparent  yielding  a  2.5-3  dB  difference  between  winter  and 
summer.  The  lichen  woodland  spring  and  autumn  transitions 
are  more  rapid  than  those  of  the  boreal  forest.  Note  that  for 
both  vegetation  types  the  northern  subregions  (#1  and  #3)  have 
more  abrupt  transitions  than  their  southern  counterparts. 

In  Fig.  5  the  weighted  mean  ^-values  for  all  six  subregions 
are  plotted  for  comparison.  From  this  figure  it  is  clear  that  the 
grassland  subregion  (#5)  backscatter  is  significantly  less  than 
the  boreal  forests,  lichen  woodlands,  and  tundra  year-round. 
The  tundra  region  (#6)  backscatter  coefficient  is  less  than  the 
boreal  forest  and  lichen  woodlands  during  summer  by  about 
1 .5  dB,  but  during  the  winter  season  is  approximately  the  same 
or  slightly  greater.  It  appears  the  boreal  forest  and  lichen 
woodland  regions  all  reach  a  peak  in  spring  around  JD  120. 
However,  date  of  the  autumn  fall-off  varies  from  region  to 
region.  Thus,  the  seasonal  patterns  of  boreal  forests  and  the 
surrounding  vegetation  regions  are  very  pronounced. 


Six  subregions  of  homogeneous  vegetation  are  selected  from 
the  Canadian  boreal  forest  and  neighboring  vegetation  types.  A 
map  displaying  the  location  of  the  six  subregions  is  found  in  Fig. 
2.  Subregions  1  and  2  are  needleleaf  evergreen  forest  (boreal 
forest);  subregions  3  and  4  are  lichen  woodland;  subregion  5  is 
tundra;  and,  subregion  6  is  grassland/farmland. 


CONCLUSION 

Study  of  the  boreal  forest  regions  using  enhanced  resolution 
imagery  produced  by  the  SIR  algorithm  demonstrates  that 
a  dramatic  seasonal  transition  exists  for  the  boreal  forest’s 
backscatter  coefficient.  This  annual  variation  is  characterized 
by  a  much  stronger  response  (2-3  dB)  during  the  growing 
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1 5-day  Mean  A-values,  Subregion  #1 :  Boreal  Forest  (northern) 
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15-day  Mean  A-values,  Subregion  #2:  Boreal  Forest  (southern) 
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Figure  3:  Mean  A-values  for  subregions  1  and  2  (boreal  forest). 
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15-day  Mean  A-values,  Subregion  #3:  Lichen  Woodland  (northern) 
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15-day  Mean  A-values,  Subregion  #4:  Lichen  Woodland  (southern) 
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Figure  4:  Mean  A-values  for  subregions  3  and  4  (lichen  woodland). 


season  throughout  the  sununer  than  that  of  the  snow  and  ice 
covered  winter.  An  even  more  rapid  transition  is  observed  for 
neighboring  lichen  woodlands.  Tundra  has  a  similar  response 
during  winter  but  differs  during  summer  by  about  1.5  dB. 
Grasslands  exhibit  a  much  lower  response  year-round. 

The  use  of  spaceborne  scatterometer  measurements  in  com¬ 
bination  with  SIR  image  resolution  enhancement  is  a  valuable 
resource  for  the  study  of  land  regions  such  as  boreal  forests. 
With  this  technique,  we  have  examined  the  boreal  forest  on  a 
macroscopic  level  over  several  annual  cycles.  These  successful 
results  are  substantial  motivation  for  expanded  research  explor¬ 
ing  the  use  of  spaceborne  scatterometer  backscatter  coefficient 
measurements  for  the  study  of  boreal  forest  vegetation  regions. 
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Abstract  -  This  study  of  an  anthropogenically  vibrant 
Sikkim  Himalayan  watershed  shows  rapid  land  cover 
changes  within  it.  The  area  is  a  typical  environmentally 
fragile  terrain  undergoing  tremendous  pressure  on  its 
natural  resources.  Considering  the  watershed  as  basic 
resource  unit,  the  impacts  of  development  are 
noteworthy.  Indian  Remote  Sensing  Satellite  (IRS  lA/lB) 
data  have  been  used  in  this  study  alongwith  other 
collateral  information  for  deriving  land  cover  change 
dynamics.  The  variations  over  a  period  of  four  years  on 
the  classified  land  covers  were  determined.  At  level  I,  the 
land  covers  are  forest,  agricultural  land,  waste-land, 
water  bodies  and  built-up  land.  At  level  II,  forest  has  six, 
agricultural  land  has  three  and  waste  land  has  two  sub¬ 
classes. 

Interpretations  have  been  done  using  optical  bands  of 
IRS/LISS  II  sensor  with  good  spectral  resolutions  in 
visible  to  near  infra-red  range  and  spatial  resolution  of 
36.25  meters.  Multidate  single  band  as  well  as  normal 
false  color  composite  (FCC)  scenes  have  been  used. 
Ground-truth  studies  were  done  with  suitable  ground 
control  points  (GCPs).  Remote  sensing  technique  has  been 
found  cost-effective  and  less  time  consuming.  This  has 
provided  much  needed  information  for  developmental 
planning  in  such  a  mountain  environment.  Sustainable 
development  and  environmental  conservation  strategies 
are  perceived  to  be  worked  out  faster  and  precisely  for 
such  inaccessible  and  difficult  terrain  taking  cue  from  the 
land  cover  change  dynamics. 

I.  INTRODUCTION 

In  the  context  of  mountain  environment,  land  and  water 
resources  management  are  of  paramount  importance.  In 
relatively  younger  mountain  range  like  the  Himalaya,  this  is 
much  more  complex  because  of  its  ecologically  fragile 
nature.  The  inhabitants  of  such  remote  regions  depend  on  the 
available  natural  resources  locally.  Their  demand  for  food 
and  livelihood  are  met  primarily  from  the  forests  and  scarce 
agricultural  lands.  The  pressure  on  available  resources 
increases  day  by  day  with  growing  population  and  family 
fragmentation  leading  to  smaller  land  holdings.  This  is 
further  compounded  by  non-scientific  farming  and  forestry 
developmental  activities. The  broad  environmental  impact  of 
these  are  manifested  as  rapid  land  cover  change  and  are 
0-7803-3068-4/96$5.00©1996  IEEE 


discernible  on  the  earth  resources  satellite  scenes.  The 
remotely  sensed  data  provide  scope  for  quick  monitoring  of 
land  cover  dynamics  [1].  The  synoptic  and  repetitive 
coverage  of  the  same  region  by  satellites  facilitate  the  study 
of  dynamics  of  such  changes  even  for  remote  and  difficult 
hilly  terrain.  This  study,  carried  out  under  institutional  project 
on  integrated  watershed  management  in  the  Sikkim 
Himalaya,  aims  to  demonstrate  the  potential  of  satellite 
remote  sensing  in  environmental  conservation  and 
sustainable  development  planning  at  watershed  level.  The 
identification  of  ecological  disturbances  on  the  land  surfaces 
and  their  dynamics  are  important  for  adopting  suitable 
management  and  mitigating  measures. 

The  watershed  investigated  encompasses  an  area  of  3009 
hectares  and  is  situated  in  South  district  of  Sikkim  state.  Its 
geographical  co-ordinates  are  27°12'3"N  to  27°16'14"N  and 
88°19'2"E  to  88°23'30"E  and  is  known  as  Mamlay  watershed 
(Fig.  1).  There  are  three  perennial  and  four  seasonal  major 
streams  within  it,  and  it  lies  in  the  catchment  zone  of  Rangit 
river  flowing  along  its  western  boundary.  The  drainage 
pattern  is  dendritic  with  drainage  density  value  of  2.62  and 
stream  frequency  value  of  3.06.  Its  elevation  range  is  300 
meters  to  2650  meters  and  is  divided  into  three  geomorphic 
divisions  physiographically.  These  are  lower  hill  slopes 
(<1000  meters),  middle  hill  slopes  (1000-2000  meters)  and 
upper  hill  slopes  (>2000  meters).  The  general  slope  range 
is  30°  to  40°.  An  estimated  95  per  cent  population  is 
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concentrated  in  lower  and  middle  hill  slopes  and  rest  5  per 
cent  in  upper  hill  slopes.  The  topography  becomes  rugged 
from  east  to  west.  There  is  significant  variation  in  land  cover 
types  depending  on  the  micro-climate,  lithology,  soil  types, 
slope  aspects  and  altitude  within  this  watershed.  There  is  high 
rainfall  in  temperate  region  and  shadowed  rainfall  in  the 
valleys  of  sub-tropical  region. 

II.  DATA  AND  METHODOLOGY  DESCRIPTION 

IRS  lA/lB  LISS-II  A2,  geocoded  single  bands  as  well  as 
normal  FCCs  of  path/row  -  19/48  on  1:50,000  scale  were 
used.  Table  1  shows  the  band  ranges  of  this  satellite.  These 
bands  cover  important  application  areas  like  geology, 
forestry,  hydrology  and  agriculture.  The  data  used  pertained 
to  two  specific  dates  of  November  1988  and  November 
1992.  Visual  interpretation  of  these  scenes  was  done  using 
standard  interpretation  techniques  [2]  for  deriving  the  land 
cover  classes.  All  the  terrestrial  features  have  their  own 
unique  spectral  signatures  which  help  in  their  identification 
and  delineation  visually  as  well  as  by  digital  image 
processing  of  the  scenes  [3].  Eventhough  the  modern  trend  is 
to  utilize  computers,  visual  interpretation  still  has  certain 
advantages  for  working  on  limited  resource  themes  [4].  In 
this  study  also,  interpretation  on  limited  land  cover  classes 
was  considered.  This  included  detection  of  tone,  color 
brightness  and  classification  of  tonal  color  groups.  The 
spatial  image  analysis  led  to  the  establishment  of 
relationships  between  these  groups  and  the  land  covers. 

AH  the  interpretations  were  verified  by  ground  truth  studies 
with  suitable  ground  control  points.  The  field  data  collection 
in  remote  sensing  analysis  especially  for  first  hand 
observations  of  land  cover  is  important  [5].  Such  field  studies 
were  also  necessary  to  minimize  the  shadow  effects  so 
characteristic  of  hilly  terrain  on  the  satellite  scenes.  Final 
details  were  observed  on  the  FCCs.  These  scenes  showed 
water  bodies  in  blue  or  deep  blue  color  according  as  the 
depths.  Vegetation  was  observed  in  various  shades  of  red 
depending  on  its  health  and  density.  Bare  soils  showed 
brighter  tones  as  per  quartz  content  variations.  Built-up  area 
showed  bluish  tone/color  characteristic  of  the  building 
materials  and  observations  could  be  made  for  cluster 
settlements  only. 


TABLE  1 

SPECTRAL  BAND  RANGES  OF  IRS  1  A/ IB 


Band 

Spectral  range 
fmicrons) 

1 

0.45-0.52 

2 

0.52  -  0.59 

3 

0.62  -  0.68 

4 

0.  77  -  0.86 

The  statistics  on  each  land  cover  was  generated  using 
precision  digital  planimeter  and  integrated  with  the  collateral 
ground  level  information.  This  has  provided  quantified  land 
cover  status  for  these  periods.  Standard  error  estimation  [6] 
for  accuracy  of  classified  land  covers  for  the  base  year  1988 
was  done.  Ground  truth  studies  for  60  points  in  the  watershed 
showed  that  78  per  cent  points  were  correct  and  22  per  cent 
points  were  incorrect  in  the  classification.  Classification 
accuracy  formula  [7]  was  used  for  standard  error  as  follows: 

SE=  {(pxq)/N}''^ 

[SE  -  standard  error  in  %,  p  -  correct  observations  (%),  q  - 
incorrect  observations  (%)  and  N  -  sample  size]. 

In  this  case,  SE  value  obtained  is  5.35  per  cent.  Therefore,  78 
per  cent  correct  observations  can  be  taken  to  be  a  mean  value 
with  a  standard  error  of  ±5.35  per  cent  at  68  per  cent 
significance  level  and  ±10.7  per  cent  at  95  per  cent 
significance  level.  The  classification  accuracy  range, 
therefore,  is  67.3  to  88.7  per  cent  at  95  per  cent 
confidence  interval. 

The  land  cover  area  variations  in  each  class  over  the  period 
1988  to  1992  was  calculated  by  this  formula: 

Variation(%)  =  [{1992(%)  -  1988(%)}/1988(%)]xl00 

This  is  indicative  of  the  change  dynamics  showing  the  trend 
of  land-use  manipulations  within  all  the  land  cover  classes. 
The  observations  are  presented  in  Table  2.  The  classes  are 
given  serial  number  according  as  their  level  1  and  11 
categories.  The  sub-classes  at  level  II  are  assigned  sub-serial 
numbers.  The  variations  are  calculated  for  both  the  levels 
and  pesented  in  the  table  separately. 

III.  SUMMARY  AND  DISCUSSION 

The  use  of  multidate  satellite  data  has  indicated  a  trend  of 
rapid  land  cover  change  within  the  watershed  which  is 
depicted  in  table  2.  Forest  category  shows  an  overall  negative 
variation  of  10.9  per  cent.  Its  level  II  sub-classes  namely 
dense  (canopy  cover  >  0.4),  open  (canopy  cover  0.2-0. 4)  and 
sal  {Shorea  robusta)  forest  also  show  negative  variation 
values  of  21.52,  12.98  and  26.09  per  cent  respectively.  Its 
other  sub-classes  are  degraded  forest  (canopy  cover  0.1 -0.2), 
scrub  land  (canopy  cover  <  0.1)  and  forest  blanks,  which 
show  positive  variation  values  of  31.51,  33.52  and  21.21  per 
cent  respectively.  Agricultural  land  shows  positive  variation 
of  52.5  per  cent.  Its  sub-classes  rainfed  land,  irrigated  land 
and  fruit  orchards  also  show  positive  variation  of  58.2,  8.13 
and  32.5  per  cent  respectively.  The  waste  land  category 
shows  a  positive  variation  of  10.64  per  cent.  Its  sub-classes 
rock-outcrops  and  landslides  show  positive  variation  values 
of  7.09  and  100  per  cent  respectively.  Water-bodies  show  a 
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TABLE  2 

LAND  COVER  CHANGE  DYNAMICS  OF  MAMLAY  WATERSHED, 
SOUTH  SIKKIM 


S.No./ 

Level 

Land 

cover 

class 

Area 

(%) 

1992 

Area 

(%) 

1988 

Variation 

(%) 

T7I — “ 

Forest 

land 

67.55^ 

75.81 

-10.90 

1.1/11 

Dense 

forest 

21.66 

27.60 

-21.52 

1.2/II 

Open 

forest 

35.10 

40.34 

-12.98 

1.3/11 

Sal  forest 

0.34 

0.46 

-26.09 

1.4/11 

Degrad. 

forest 

2.88 

2.19 

+31.51 

1.5/11 

Scrub 

land 

6.97 

5.22 

+33.52 

1.6/II 

Forest 

blanks 

0.40 

0.33 

+21.21 

2/1 

Agricul. 

land 

23.62 

15.49 

+52.5 

2.1/11 

Rainfed 

land 

21.83 

13.80 

+58.2 

2.2/II 

Irrigated 

land 

1.33 

1.23 

+8.13 

2.3/11 

Fruit 

Orchards 

0.53 

0.40 

+32.5 

3/1 

Waste 

land 

6.24 

5.64 

+10.64 

3.1/11 

Rock- 

outcrops 

6.04 

5.64 

+7.09 

3.2/11 

Land¬ 

slides 

0.20 

0.00 

+  100 

4/1 

Water- 

bodies 

0.60 

0.67 

-10.45 

5/1 

Built-up 

land 

2.12 

2.12 

0 

negative  variation  of  10.45  per  cent.  Built-up  land  does  not 
show  significant  variation.  This  is  due  to  scattered  settlement 
pattern  and  limitation  of  resolution.  But  some  increase  is 
expected  in  this  category. 

In  Mamlay  watershed,  the  forest  has  been  meeting  and 
satisfying  the  needs  of  majority  of  the  population  for  fuel, 
timber  and  fodder  [8].  Overall  negative  variation  in  forest 
land  and  positive  variation  in  agricultural  land  very  explicitly 
imply  that  this  land  is  fast  encroaching  upon  the  forest  land. 
Such  situation  will  result  into  increased  soil  erosion  and 
thereby  the  soil  fertility  and  nutrient  status  will  also  be 
affected.  The  energy  availability  shall  be  directly  influenced 
by  depletion  of  forest  cover.  The  positive  variation  in  waste 
lands  is  due  to  improper  upland  farming  practices  leading  to 


landslides  in  rainfed  lands  mainly.  Negative  variation  in 
water-bodies  is  attributed  to  manipulations  in  small  streams 
by  the  inhabitants.  Land  cover  change  dynamics  thus  derived 
provides  a  valuable  source  of  information  in  evolving 
suitable  watershed  management  options  for  sustainable 
development  and  environmental  conservation.  Ecosystem 
dynamics,  effect  of  human  activities  on  ecological  processes, 
monitoring  of  resources  and  the  techniques  for  watershed 
management  are  essential  research  areas  [9].  Satellite  data 
utilization  shall  make  the  task  faster,  easier  and  cost-effective 
with  quick  monitoring  of  such  remote  terrain. 
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Increases  in  tropospheric  ozone  (O3)  and  carbon  dioxide  (CO2) 
concentrations  have  been  shown  to  alter  crop  responses  such  as 
gas  exchange  rates,  leaf  areas  and  specific  leaf  mass,  plant 
biomass  and  yields.  Leaf  level  alterations  induced  by  exposure 
to  pollutants  are  known  to  alter  canopy  reflectance 
characteristics.  The  objectives  of  this  research  are  to  evaluate 
the  utility  of  non-imaging,  ground-based,  remote  sensing 
measurements  for  detecting  crop  responses  to  alterations  in 
atmospheric  O3  and  CO2  levels  using  crop  plants  grown  in 
open-top  chambers  (OTCs).  Winter  wheat  and  soybeans  were 
grown  during  the  spring  and  summer  months  of  1995  in  a  2X2 
factorial  arrangement  of  O3  and  CO2  treatments.  Canopy 
reflectance  measurements  were  performed  on  several  dates  for 
both  crops  using  a  spectroradiometer  (SE-590).  Canopy 
reflectance,  normalized  reflectance,  and  the  red  edge  response 
were  determined  and  compared  over  gaseous  treatments  for  use 
as  a  stress  indicator  for  each  crop.  Spectral  curves  for  both 
crops  show  minimal  difference  between  treatments  up  to 
700  nm  but  differ  in  soybeans  for  data  beyond  700  nm. 
However,  when  reflectance  data  were  normalized  using  the  low 
O3  +  ambient  CO2  as  control,  high  O3  and/or  CO2  treatments 
were  separated  for  both  crop  species  with  different  patterns  for 
each.  Likewise,  red  edge  effects  were  different  between  O3 
treatments. 

INTRODUCTION 

The  increasing  levels  of  tropospheric  ozone  (O3)  and  carbon 
dioxide  (CO2)  are  inducing  significant  crop  responses  that  result 
in  decreased  [2]  and  enhanced  [1]  plant  productivity, 
respectively.  Such  physiological  disturbances  can  induce 
biochemical  and,  if  severe  enough,  physical  alterations  at  the 
leaf  level  which  modify  its  spectral  characteristics.  This  is 
affecting  the  way  the  whole  leaf,  and  consequently  the  whole 
plant,  responds  to  incoming  radiation  [11]. 

Reflectance  measurements  can  provide  information  for 
inferring  plant  status.  The  reflectance  behavior  of  living 
vegetation  can  usually  be  described  by  low  reflectance  values 
in  the  visible  range,  caused  mainly  by  chlorophyll  absorption, 
and  high  reflectance  values  in  the  near-infrared  due  to  internal 
leaf  scattering.  This  change  in  reflectance  occurs  in  Just  a 
few  nanometers  and  is  usually  referred  to  as  the  red  edge.  This 
is  characteristic  of  green  vegetation  only  and  permits 


discrimination  of  vegetation  from  the  background  [5].  It  is  also 
commonly  used  as  a  mean  to  study  senescence  [6]  and  detect 
plant  stress  [8]. 

Edward  and  Cure  [3]  showed  that  soybeans  exposed  to  O3 
concentrations  as  low  as  20  nmol  mof*  can  be  distinguished 
from  soybeans  exposed  to  ambient  O3  levels  by  film  density  of 
aerial  photographs.  Field  bean  {Vida faba  L.)  leaves  exposed 
to  sulfur  dioxide  (SO2)  were  also  shown  to  have  different 
spectral  characteristics  once  exposed  to  concentrations  of 
200  nmol  mol'^  during  ten  days  [4].  Red  edge  measurements 
can  provide  additional  information  for  the  detection  of  early 
stress  symptoms  such  as  a  change  in  chlorophyll  status  [7]. 

MATERIALS  AND  METHODS 

Winter  wheat  {Triticum  aestivum  L.,  cvs.  Gore  and 
Susquehanna)  seeds  were  sowed  at  the  Beltsville  Agricultural 
Research  Center  in  Beltsville,  MD  in  November  1994  in  a 
Codorus  silt  loam.  Open-top  chambers  (OTCs)  were  installed 
over  24  plots  in  March  1995.  The  experimental  design  consisted 
of  a  randomized  complete  block  with  two  levels  of  O3  and  CO2 
in  a  2X2  factorial.  The  low  O3  level  was  realized  by  using 
charcoal-filtered  air,  while  the  high  O3  treatment  consisted  of 
the  addition  of  approx.  20  nmol  moV  O3  above  ambient. 
Carbon  dioxide  treatments  consisted  of  an  ambient 
(355  pmol  mol'*),  while  the  high  treatment  was  ambient  plus 
150  pmol  mol'*  CO2.  Plants  were  harvested  in  July.  As  soon 
after  the  harvest  was  completed,  one-week  old  soybeans 
(Glycme  max  (L.)  Merr.,  cvs.  Essex  and  Forrest)  grown  in  a 
greenhouse  were  transplanted  into  the  OTCs  in  rows  0.6  m 
apart  with  plants  spaced  0.1  m  apart.  The  soybean  harvest 
occurred  in  November. 

Canopy  reflectance  was  measured  under  clear  skies  between 
1 100  and  1300  EST  using  the  SE-590  spectroradiometer  which 
detects  energy  in  the  400-1 100  nm  range.  The  instrument  was 
installed  on  a  hand-held  boom,  then  positioned  over  the  OTCs 
for  a  nadir  view.  Ten  scans  were  acquired  as  the 
spectroradiometer  was  moved  in  a  sweeping  fashion  over  each 
canopy.  The  radiance  of  a  Spectralon'*  (Labsphere  Inc.) 
reference  panel  was  measured  every  10-15  min  to  calculate  the 
reflectance  factor.  Canopy  reflectance  was  measured  on  three 
dates  for  winter  wheat  and  on  1 1  dates  for  soybeans.  For  each 
experimental  unit,  scans  were  averaged.  Reflectance  curves 
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were  smoothed  and  predicted  values  were  output  using 
SAS/INSIGHT  software  [10].  Slopes  and  inflection  points  were 
determined  and  these  values  were  analyzed  as  a  mixed-effect 
model  using  the  SAS/MIXED  procedure  [9].  Treatment  means 
were  compared  using  Duncan’s  Multiple  Range  Test. 

RESULTS  AND  DISCUSSION 

Table  I  shows  the  seasonal  7-h  mean  O3  and  CO2 
concentrations  observed  for  the  four  treatments.  Fig.  1  shows 
the  canopy  reflectance  response  of  winter  wheat  immediately 
before  heading.  The  mean  canopy  reflectance  of  winter  wheat 
was  not  different  between  treatments;  however,  the  normalized 
reflectance  (right  portion  of  the  graph)  indicated  some 
differences.  The  normalized  reflectance  was  calculated  by 
ratioing  the  mean  reflectance  of  every  treatment  to  the  mean 
reflectance  of  the  low  O3  +  ambient  COj  treatment.  High  COj 
treatments  had  higher  ratios  in  the  visible  range  compared  to 
ambient  CO2  treatments,  i.e.  approx.  7.5  to  30  %  more  then  the 
control. 

For  soybeans,  mean  canopy  reflectance  values  in  the  visible 
and  red  edge  area  were  similar  (Fig.  2);  however,  for 
wavelengths  greater  than  750  nm,  both  high  O3  treatments  had 
slightly  lower  reflectance  values  than  the  low  O3  treatments. 
High  CO2  treatments  followed  a  different  pattern  compared 
with  ambient  CO2  treatments;  they  showed  higher  normalized 
reflectance  values  in  the  chlorophyll  absorption  band,  i.e. 
approx.  50%  more  for  the  low  O3  +  high  CO2  treatment  and 
nearly  10  %  more  for  the  high  O3  +  high  CO2  treatment.  This 
may  be  related  to  the  seasonal  leaf  chlorophyll  concentration 
which  showed  a  decrease  of  10%  under  high  CO2  treatments 
(data  not  shown). 

Fig.  3  shows  the  red  edge  slope  response  of  both  species. 
Responses  in  the  red  portion  of  the  visible  range  were  again 
similar,  but  the  slope  of  low  O3  treatments  tended  to  be  greater 
at  the  inflection  point  (peak)  compared  with  high  O3  treatments. 
This  difference  was  especially  apparent  in  soybeans.  Notice  that 
winter  wheat  showed  greater  maximal  slopes  for  all  treatments. 


Table  I.  Seasonal  7-h  mean  O3  and  COj  concentrations. 


Treatment 

[O3],  (nmol  mol‘0 

[CO2] 

Wheat 

Soybeans 

(pmol  mol'*) 

Low  O3  +  Amb.  CO2 

26.4 

28.5 

355 

Low  O3  +  High  CO2 

26.4 

28.5 

505 

High  O3  +  Amb.  COj 

57-1 

67.0 

355 

High  O3  +  High  COj 

57.1 

67.0 

505 

- Low  0,*Amb.  CO,  (CONTROL) 


WAVELENGTH  (nm) 


Low  Oj  +  High  COj 


Figure  1.  Mean  (left)  and  normalized  (right)  winter  wheat  canopy 
reflectance  measured  on  27  April  1995. 


Table  11  summarizes  the  red  edge  results  calculated  for  both 
crops.  In  winter  wheat,  A,re  shifted  toward  shorter  wavelengths 
when  comparing  low  vs.  high  O3  treatments  (under  ambient 
CO2).  Even  if  not  significant,  trends  indicate  smaller  Sre  and 
Rre  values  under  high  O3  conditions.  For  soybeans,  the  Xre  ^I^o 
indicates  a  tendency  to  shift  toward  shorter  wavelengths  under 
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Figure  2.  Mean  (left)  and  normalized  (right)  soybean  canopy 
reflectance  measured  on  22  August  1995. 
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- Low  Oj  +  Amb.  CO,  (CONTROL)  - Low  0,  +  Amb.  COj  (CONTROL) 

. Low  Oj  +  High  COj  . Low  Oj  +  High  CO^ 


Figure  3.  Winter  wheat  (left)  and  soybeans  (right)  slope  (Sre)  response 
for  the  same  dates  as  in  Fig.  I  and  2. 


Table  II.  Red  edge  wavelength  (Are),  slope  (Sre),  and  reflectance 
(Rre)  of  winter  wheat  and  soybean  canopies  exposed  to  O3  and  CO2 
treatments*’^ 


Treatments 

Are  (nm) 

Sre 

Rre(%) 

Winter  Wheat 

Low  O3  +  Amb.  CO2 

723  a 

0.634  a 

21.4a 

Low  O3  +  High  CO2 

721  ab 

0.605  a 

20.6  a 

High  O3  +  Amb.  CO2 

717b 

0.566  a 

18.8  a 

High  O3  +  High  CO2 

719  ab 

0.573  a 

19.6  a 

Standard  error 

0.5 

0.032 

1.0 

Soybeans 

Low  O3  +  Amb.  CO2 

716a 

0.610  ab 

19.4  a 

Low  O3  +  High  CO2 

716a 

0.636  a 

19.8  a 

High  O3  +  Amb.  CO2 

712a 

0.509  b 

16.6  a 

High  O3  +  High  CO2 

713  a 

0.528  ab 

17.5  a 

Standard  error 

1.9 

0.049 

1.7 

'Variables  are  averaged  over  three  dates  for  winter  what  and  eleven  dates 
for  soybeans. 

^For  each  species,  means  with  same  letter  are  not  significantly  different 
according  to  Duncan’s  Multiple  Range  Test  (a=0.05). 


high  O3  treatments  (not  significant).  Rre  also  showed  the  same 
behavior.  The  Sre  value  for  the  healthiest  treatment,  i.e.  low  O3 
+  high  CO2,  is  significantly  higher  (0.636)  compared  to  most 
stressed  treatment,  i.e.  the  high  O3  +  ambient  CO2  (0.509). 

It  is  clear  that  the  red  edge  constitutes  a  phenomenon  that  is 
worth  measuring  in  order  to  investigate  the  responses  of  plants 
to  factors  such  as  O3  and  CO2.  Ozone  hastened  plant  senescence 
and  its  impact  was  detected  spectrally.  Reflectance 
measurements  and  red  edge  determination  provided  valuable 
information  partly  because  of  their  high  sensitivity.  However, 
it  was  not  possible  to  recognize  O3  stress  or  CO2  enrichment  as 
such  using  this  information. 
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Abstract  -  This  study  examined  the  use  of  multi-date  radar 
to  identify  crops  and  other  types  of  vegetation  within  the 
Rainwater  Basin  in  south-central  Ndwaska.  The  Rainwater 
basin  is  comprised  of  a  dense  cluster  of  wetlands  that  have 
been  greatly  modified  by  agricultural  production.  Initial 
research  indicates  that  the  multi-date  approach  is  efiective  in 
dingtingiiishing  between  agricultural  and  wetland  vegetation. 
Temporal  curves  constructed  from  150  field  observations 
show  a  pronounced  seasonal  variation  in  backscatter 
associated  with  crop  phenology.  Differences  in  backscatter 
among  crop  types  was  most  pronounced  in  early  and  mid¬ 
summer  images. 

INTRODUCTION 

The  Rainwater  Basin  is  a  mosaic  of  wetlands  and 
agriculture  stretching  across  17  counties  in  south  central 
Nebraska.  The  region  provides  habitat  for  waterfowl  and  is 
a  focus  of  spring  waterfowl  migration.  During  the  past 
century,  conversion  of  wetlands  to  agriculture  has 
dramatically  altered  this  landscape  and  its  ecological 
function.  Most  wetlands  in  the  Basin  are  shallow  and  small, 
with  size  dependent  on  recent  meteorological  conditions. 

For  conservation  and  habitat  restoration,  new  techniques  are 
needed  to  reliably  map  such  small  yet  important  wetlands. 
This  study  examined  the  use  multi-date  ERS-1  Synthetic 
Aperture  Radar  (SAR)  satellite  imagery  to  identify  land 
cover  (crop  type  and  wetlands)  with  radar  data  alone.  Six 
images  were  acquired  covering  the  Rainwater  Basin  during 
the  1995  growing  season  to  examine  the  ability  of  SAR 
images  to  map  land  cover.  These  images  were  used  to 
identify  typical  rural  land  cover  types  such  as  agricultural 
crops  (com,  soybean,  milo),  wetlands,  and  grasslands. 

The  use  of  Synthetic  Aperture  Radar  (SAR)  to 
identify  agricultural  land  cover  and  other  vegetation 
characteristics  has  been  investigated  to  some  extent  in  the 
last  two  decades.  Two  well-documented  advantages  of 
imaging  radar  are  cloud  penetration  and  the  capture  of 
information  about  vegetation  canopy  stmcture.  The  ERS-1 
satellite  offers  images  that  are  comparable  in  spatial 
resolution  to  Landsat  TM,  but  are  imaged  with  an  Active 
Microwave  Imaging  (AMI)  sensor.  The  ERS-1  satellite  uses 
a  C-band  SAR  with  W  polarization.  The  active  SAR  sensor 
emits  a  narrow  bandwidth  energy  pulse  and  measures  the 
0-7803-3068-4/96$5.00©1996  IEEE 


reflected  signal  (called  the  backscatter  or  return),  from  the 
target.  The  strength  of  the  SAR  return  is  affected  by  target 
morphological  factors  such  as  surface  slope  and  roughness, 
moisture  content,  and  molecular  structure  [1].  Thus,  SAR 
images  capture  distinctly  different  but  complementary 
information  compared  to  traditional  V/IR  images. 

For  agricultural  applications,  the  radar  backscatter 
has  been  found  to  be  dependent  on  plant  species  and  age, 
which  generally  determine  plant  morphology.  For  example, 
sugar  beets  were  found  to  give  a  high  return  due  to  their  high 
water  content  and  large  leaves  [2].  In  general,  broad  leaf 
crops  produce  a  higher  signal  return  than  other  crops  for  C 
tend  with  W  polarization.  W  polarized  SAR  reflectance  is 
predominately  caused  by  the  physical  structure  of  the  plant 
canopy  rather  than  understory  characteristics  [3]. 

As  with  the  initial  applications  using  Landsat  V/ER 
images,  initial  ERS-1  SAR  researchers  have  attempted  to 
map  various  crop  types.  Bouman  and  Uenk  [4],  used 
simulated  multidate  ERS-1  radar  to  examine  SAR 
backscatter  changes  over  agricultural  fields.  They  reported 
that  a  combination  of  early  and  late  season  SAR  images 
provided  the  best  discrimination  between  crops.  Schmullis 
[5],  reported  that  ERS-1  SAR  returns  from  different  fields  of 
the  same  crop  were  more  variable  in  the  early  season  and 
converged  with  increasing  canopy  cover.  Early  season 
differences  were  attributed  to  differences  in  soil  roughness. 
Thus,  crop  identification  should  be  conducted  using  late 
summer  data  when  the  SAR  reflectance  is  more  affected  by 
crop  canopy  than  soil  surface  effects. 

ANALYSIS  AND  RESULTS 

Six  ERS-1  images  were  acquired  between  May  and 
September  1995  covering  the  eastern  part  of  the  Rainwater 
basin  in  Clay  County,  Nebraska.  These  images  were  rectified 
into  the  UTM  coordinate  system  using  nearest  neighbor 
resampling  to  30  m  resolution  and  assembled  into  a  single 
multiband  image  data  set  where  each  band  is  a  single  date  of 
imagery.  Four  images  were  from  the  descending  ERS-1  orbit 
(approximately  10:30  pm  EST)  and  two  images  from  the 
ascending  orbit  (approximately  10:30  am  EST).  Practically, 
the  difference  between  the  ascending  and  decending  orbits 
means  that  while  the  look  angle  (23.5  degrees)  is  the  same, 
the  look  direction  is  reversed.  Inspection  of  the  imagery 
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shows  no  discemable  look  direction  effects  for  the  relatively 
flat  terrain  of  the  stucfy  area. 

One  problem  inherent  in  most  SAR  images  is 
speckle,  or  noise,  which  is  the  result  of  echoes  from  the 
target  surface  [6].  This  speckle  is  usually  treated  as  a  random 
effect  and  reduced  by  averaging  adjacent  pixels  using  spatial 
convolution  filters.  In  this  stucfy,  a  3  x  3  Sigma  filter  [7]  was 
used  to  reduce  image  speckle  while  retaining  edge 
information  such  as  field  boundaries. 

Field  observations  were  made  in  the  study  area  to 
record  crop  type  and  condition  for  over  150  fields.  The  field 
boundaries  were  identified  on  the  image  data  set  and 
digitized  to  produce  training  polygons.  This  information 
provided  the  base  for  constructing  temporal  profiles  of  radar 
backscatter  for  crops  and  wetlands  in  the  scene.  Temporal 
signatures  of  radar  backscatter  were  extracted  for  each  of  the 
150  fields. 

Histograms  were  used  to  examine  the  distribution  of 
backscatter  for  the  entire  image  and  for  individual  fields. 

The  raw  data  showed  a  high  variance  for  the  May  6,  July  7 
and  September  23  images,  although  the  distributions  were 
remarkably  normal.  Graphs  produced  with  the  original  DN 
values  were  influenced  by  extreme  differences  in  standard 
deviation,  which  made  comparison  of  profiles  between 
agricultural  fields  difficult.  To  account  for  the  difference  in 
variance  between  dates  the  data  was  standardized  to  Z-scores 
and  a  scalar  was  added  to  return  all  Z-scores  to  a  positive 
range.  Inspection  of  covariance  and  correlation  matrices 
indicated  a  strong  positive  relationship  between  brightness 
values  on  the  July  and  August  images. 

Temporal  curves  were  constructed  to  examine 
seasonal  trends  in  backscatter.  The  mean  value  of 
backscatter  was  plotted  using  normalized  Z-scores.  The  data 
reveals  a  strong  temporal  pattern  of  backscatter  for 
vegetation  throughout  the  growing  season  ( Fig.  1).  A 
separation  between  agricultural  fields,  wetlands,  and 
grasslands  was  apparent  for  some  dates. 

The  phenological  cycle  of  vegetation  becomes 
important  in  interpreting  the  graphs.  The  first  image  was 
acquired  in  early  May  during  a  very  wet  spring,  and  prior  to 
most  planting.  Difference  in  backscatter  from  this  date  are 
attributed  mainly  to  differences  in  soil  and  moisture  content. 
The  second  image  was  acquired  in  mid  June.  Due  to  a  wet 
spring  the  planting  was  delayed  and  while  agricultural 
vegetation  was  emergent,  the  backscatter  would  still  be 
influenced  by  the  soil  background  Winter  wheat  provides 
an  exception  to  the  general  pattern  in  that  the  crop  was 
mature  in  mid  -  June  and  close  to  harvest.  The  tlhrd  image 
taken  on  July  7th  consistently  provides  the  greatest 
magnitude  of  backscatter  as  shown  by  the  peak  in  the  curve 
for  all  land  cover  types.  This  date  also  provides  the  greatest 
separation  between  crops.  The  temporal  curves  begin  to 
converge  during  late  July  as  the  canopies  thicken  although 


there  is  still  distinction  between  crops.  The  fifth  image 
acquired  in  late  August  represents  a  full  canopy  for  most 
crops  and  shows  the  least  distinction  in  backscatter.  The 
final  image  in  September  shows  an  increased  variation  in 
backscatter  which  could  be  attributed  to  the  senescence  of 
vegetation  and  the  variation  in  harvesting  schedules  among 
crops. 

In  examining  the  temporal  pattern  of  backscatter 
among  crops  a  general  pattern  emerges  as  well,  yet  the 
temporal  difference  between  crops  is  not  as  dramatic  as  the 
temporal  difference  between  land  cover  classes.  There  is 
high  variation  between  fields  during  the  early  image  dates 
that  is  attributed  to  the  soil  background.  Once  vegetation  in 
emergent.  Com  shows  the  highest  backscatter  followed  by 
Milo,  Soybean,  and  Pasture.  The  stubble  from  winter  wheat 
provides  a  consistently  high  backscatter.  As  the  season 
progresses  the  separation  between  crops  is  most  significant 
in  early  July.  The  variation  in  backscatter  among  crops  is 
less  in  late  July,  and  there  is  little  distinction  between  crops 
by  the  late  summer. 

CONCLUSIONS  AND  FUTURE  RESEARCH 

This  research  indicates  that  multi-temporal  radar 
can  be  used  to  track  temporal  changes  in  backscatter  that  are 
related  to  differences  in  crop  phenology.  Preliminary  results 
suggest  that  the  strongest  distinction  between  crops  occurs 
during  the  early  to  mid  growing  stages.  Once  crops  reach  a 
fijll  canopy  the  ERS-1  C-band  sensor  appears  to  provide 
limited  penetration  of  the  vegetation  canopy.  This  trend  has 
been  reported  in  other  agricultural  studies  as  well.  The 
extreme  variation  in  backscatter  in  early  season  images 
appears  to  be  influenced  by  the  soil  background.  Other 
factors  include  the  differences  in  planting  schedules  that 
occurred  due  to  wet  spring  weather.  A  clear  distinction  was 
present  between  major  land  cover  types  (crop,  wetlands, 
grassland,  etc.).  This  suggests  that  multi-date  radar  has 
potential  for  use  with  regional  land  cover  mapping.  Future 
work  will  explore  the  use  of  multi-date  radar  for 
classification  of  crops  and  wetlands  in  this  region. 

With  the  increase  in  the  number  of  existing  and 
proposed  earth  resource  satellites  that  collect  microwave 
radar  data  there  is  a  need  to  develop  new  techniques  to 
merge  optical  and  microwave  data  for  improved 
identification  of  crops  and  crop  growth  parameters.  One 
area  of  research  that  needs  to  be  addressed  is  the  method  in 
which  the  classification  is  performed.  Traditional 
approaches  to  image  classification  use  a  pixel  by  pixel 
classifier  and  often  assume  a  multi-variate  normal 
distribution.  This  assumes  that  the  spectral  response  of  a 
given  pixel  is  similar  to  its  neighboring  pixels  and  the 
classification  will  result  in  identifying  homogeneous  fields 
for  a  given  crop.  Because  of  the  speckle  inherent  in  the 
radar  imageiy  this  assumption  may  not  hold.  Future  remote 
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sensing  applications  relying  on  multi-date  or  multi-sensor 
data  sets  will  need  to  develop  new  ways  in  which  these 
different  sources  of  image  information  can  be  merged  using 
data  fusion  techniques  for  information  extraction. 
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Figure  1.  Multi-date  ERS-1  SAR  imagery  was  used  to  calculate  the  mean  backscatter  for  land  cover 
occuring  viithin  the  Rainwater  basin  in  Clay  County,  Nebraska 
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Abstract  —  Spectral  mixture  analysis  is  used  to  determine 
scene  fractions  of  sunlit  canopy,  background,  and  shadow, 
which  are  compared  to  NDVI  in  terms  of  their  relation  to  the 
biophysical  parameters  LAI,  biomass  and  NPP.  In  all  tests, 
the  mixture  fractions  outperformed  NDVI  by  large  margins, 
with  shadow  fraction  having  an  r^=0.80  compared  to  0.47  for 
NDVI.  Solar  zenith  angle  was  an  important  factor  in 
determining  input  component  reflectance  values  for  mixture 
analysis.  The  physical  basis  for  these  improvements  is  the 
sensitivity  of  mixture  fractions  to  tree  size  and  morphology. 

INTRODUCTION 

The  North  American  Boreal  Forest  is  one  of  the  largest 
biomes  on  Earth  and  a  major  storehouse  of  organic  carbon 
within  the  global  carbon  cycle.  Studies  of  the  terrestrial 
carbon  budget  in  Boreal  Forest  environments  require 
biophysical  structural  parameters  such  as  biomass,  leaf  area 
index  (LAI),  and  net  primary  productivity  (NPP).  A  common 
approach  to  estimating  these  variables  has  used  the 
Normalised  Difference  Vegetation  Index  (NDVI),  however  a 
number  of  investigators  have  reported  problems  in  its  use 
[1,2],  such  as  the  effects  of  background  reflectance,  shadows, 
and  canopy  geometry.  To  address  these  problems,  we  have 
been  developing  new  applications  of  spectral  mixture  analysis 
(SMA,  [3])  and  canopy  geometric-optical  reflectance  models 
[4]  to  capture  individual  scene  fractions  with  respect  to  scene 
physics,  canopy  geometry  and  structure,  and  relate  these 
fractions  to  the  biophysical  variables  of  interest.  In  this 
paper,  we  present  a  summary  of  some  of  the  major  findings 
from  our  SMA  investigations  to  date  [5,6,7],  and  compare 
these  to  results  from  NDVI. 

STUDY  SITE  AND  DATA 

The  study  area  is  in  the  Superior  National  Forest  (SNF), 
Minnesota,  located  near  the  southern  limit  of  the  Boreal 
Forest  which  may  be  particularly  sensitive  to  climatic 
variability  and  change.  A  multispectral  and  biophysical 
characteristics  data  set  was  acquired  during  the  summers  of 
1983  and  1984  over  a  gradient  of  forest  densities.  In  this 
study  we  used  biophysical  data  (biomass  density,  leaf  area 
index,  net  primary  productivity)  collected  from  3 1  stands  of 
black  spruce,  the  most  common  boreal  forest  dominant. 
Spectral  reflectance  measurements  were  acquired  over  each  of 
the  plots  using  a  helicopter-mounted  Modular  Multi-band 


Radiometer  (MMR)  at  several  times  during  the  growing 
seasons, 

BIOPHYSICAL  PARAMETER  ESTIMATION 
Spectral  Mixture  Analysis 

Spectral  mixture  analysis  is  based  on  the  fact  that  the  IFOV 
represented  by  a  pixel  contains  a  number  of  individual  surface 
components  which  together  contribute  to  the  overall  pixel 
level  reflectance  received  by  a  remote  sensing  instrument  [3]. 
In  the  Boreal  Forest,  pixel  level  reflectance  (Rp)  can  be 
expressed  as  linear  combinations  of  the  individual  component 
(end-member)  reflectances  of  sunlit  canopy  (Rc)»  sunlit 
background  (Rb),  and  shadow  (Rs),  weighted  by  their  areal 
fractions  (C,  B,  and  S,  respectively),  as: 

Rp  =  CRc  +  SRs  +  BRb  (1) 

A  system  of  equations  is  developed  over  all  spectral  bands 
from  remotely  sensed  pixel  level  reflectance  values  together 
with  input  component  reflectances,  from  which  we  solve  for 
the  unknown  fractions  using  a  constrained  least  squares 
approach  [8].  These  fractions  are  in  turn  related  to  the  forest 
biophysical  parameters  of  interest. 

The  input  component  end-member  spectra  (Rc,Rs,Rb) 
critical  to  the  SMA  procedure.  In  this  study,  reflectance 
values  for  sunlit  background  (sphagnum  moss)  and  shadow 
were  obtained  in  the  field.  However,  there  were  no  available 
spectral  measurements  of  sunlit  canopy  structures.  Instead,  we 
have  tested  cylinder,  conical,  and  spheroid  based 
geometric-optical  (G-O)  canopy  reflectance  models  [4]  for 
estimating  values  for  R^.  Since  it  is  known  that  R^  increases 
with  SZA,  we  obtained  estimates  of  Rc  over  a  range  of  SZA 
corresponding  to  the  solar  position  at  the  time  of  MMR 
acquisition. 

NDVI 

For  each  MMR  acquisition,  we  also  computed  NDVI,  defined 
as  (NIR-RED)-5-(NIR+RED).  The  analysis  was  performed 
over  all  SZA,  and  also  for  the  three  7“  SZA  ranges  centered  at 
30°,  45°  and  60°  for  direct  comparison  with  mixture  analysis 
results,  even  though  the  computation  of  NDVI  is  the  same 
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regardless  of  SZA.  NDVI  values  and  SMA  fractions  were 
compared  in  terms  of  their  relationship  to  biomass,  LAI,  and 
NPP  through  a  linear  regression  analysis  over  the  full  set  of 
MMR  sites. 

RESULTS 

Table  1  presents  a  summary  of  overall  results  obtained  from 
mixture  analysis  and  NDVI.  In  both  cases,  results  are  shown 
for  the  analysis  of  all  black  spruce  stands  over  the  full  range 
of  solar  zenith  angles.  Since  the  SMA  results  were  obtained 
at  specific  SZA,  they  were  averaged  to  obtain  the  reported 
summary  values.  For  all  three  biophysical  parameters,  overall 
results  show  that  SMA  provides  significantly  better 
correspondence  with  biophysical  parameters  compared  to 
NDVI. 

Table  2  provides  more  detailed  results  as  it  reports  different 
SZA  used  in  the  three  canopy  geometric-optical  reflectance 
models  as  part  of  the  SMA.  We  see  that  SZA  is  important  in 
the  overall  rankings  obtained.  In  virtually  all  cases,  the  best 
results  from  SMA  were  obtained  when  sunlit  canopy 
reflectance  was  estimated  using  canopy  models  run  at 
SZA=45°.  Similarly,  the  spheroid  based  geometric-optical 
mutual  shadowing  (GOMS)  model  provided  better  results 
compared  to  the  cone  and  cylinder  representation  of  canopy 
geometry.  As  with  the  overall  results,  NDVI  was  ranked  in 
the  last  three  positions  in  all  but  one  case.  It  is  clear  from 
these  results  that  (i)  NDVI  is  not  capturing  the  full 
information  content  available  from  these  remotely  sensed  data 
sets  in  terms  of  biophysical  variables,  and  (ii)  the  spectral 
mixture  fractions  provide  significantly  improved  results 
which  are  consistent  over  a  range  of  solar  zenith  angles  and 
forest  stand  densities. 

CONCLUSIONS 

A  thorough  comparison  of  NDVI  and  spectral  mixture 
analysis  has  been  summarised,  with  the  latter  involving  three 
canopy  geometric-optical  radiation  models  tested  over  a 
variety  of  solar  zenith  angles.  In  all  tests  performed,  scene 
fractions  from  spectral  mixture  analysis  were  superior  to 
NDVI  in  terms  of  their  relationship  to  LAI,  biomass  and 
NPP.  Overall  r^  values  ranged  from  0.74  to  0.80  for  SMA, 
while  NDVI  results  ranged  from  0.40  to  0.47.  The  best 
overall  results  were  r2=0.83,0.86  and  0.82  for  biomass,  NPP 
and  LAI,  respectively.  The  basis  for  these  improvements  is 
the  ability  to  separate  scene  components  which  are  related  to 
forest  structure,  as  well  as  the  physical  basis  of  the  canopy 
models  and  their  characterisation  of  tree  geometries.  These 
important  properties  are  impossible  to  capture  from  the 
simplistic  two-band  ratio  NDVI  technique.  Current  and  future 
work  is  addressing  the  application  of  spectral  mixture  analysis 
and  canopy  radiation  models  to  regional  scales  for  biophysical 
parameter  estimation  in  the  BOREAS  project,  as  well  as  in 
the  Brazilian  Amazon  and  other  global  data  sets  as  part  of 
EOS-MODIS. 
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OVERALL 


BIOMASS 


NPP 


LAI 


r2 

S.E. 

r2 

S.E. 

r2 

S.E. 

SMA 

2.14 

B 

0.06 

0.79 

0.55 

NDVI 

3.26 

B 

0.11 

0.47 

0.85 

Table  1 :  Overall  results  summarised  from  linear  regression  coefficients  (r^)  and  standard  error  (S.E.)  for  NDVI  and 
spectral  mixture  analysis  (SMA)  with  biomass,  net  primary  productivity  (NPP),  and  leaf  area  index 
(LAI).  Results  shown  for  all  MMR  data  (solar  zenith  angles  ranging  from  30°  to  60°).  SMA  results 
from  shadow  fraction  using  a  spheroid  model  of  canopy  geometry. 


BIOMASS  NPP  LAI 

Ranking  Ranking  Ranking _ r2 


1.  SMA-GOMS  45° 

0.83 

2.  SMA-CONE  45° 

0.81 

3.  SMA-CYL  45° 

0.76 

4.  SMA-GOMS  30° 

0.73 

5.  SMA-CONE  30° 

0.73 

6.  SMA-CYL  30° 

0.66 

7.  SMA-GOMS  60° 

0.65 

8.  SMA-CONE  60° 

0.60 

9.  SMA-CYL  60° 

0.60 

10.  NDVI  45° 

0.44 

11.  NDVI  30° 

0.39 

12.  NDVI  60° 

0.37 

1.  SMA-GOMS  45° 

0.86 

2.  SMA-CONE  45° 

0.85 

3.  SMA-CYL  45° 

0.80 

4.  SMA-GOMS  60° 

0.77 

5.  SMA-GOMS  30° 

0.76 

6.  SMA-CONE  30° 

0.76 

7.  SMA-CYL  30° 

0.76 

8.  SMA-CONE  60° 

0.66 

9.  SMA-CYL  60° 

0.66 

10.  NDVI  60° 

0.56 

11.  NDVI  30° 

0.53 

12.  NDVI  45° 

0.46 

1.  SMA-GOMS  45° 

0.82 

2.  SMA-CONE  45° 

0.82 

3.  SMA-GOMS  60° 

0.79 

4.  SMA-CYL  45° 

0.78 

5.  SMA-GOMS  30° 

0.76 

6.  SMA-CONE  30° 

0.76 

7.  SMA-CYL  30° 

0.76 

8.  NDVI  60° 

0.60 

9.  SMA-CONE  60° 

0.60 

10.  SMA-CYL  60° 

0.60 

11.  NDVI  30° 

0.54 

12.  NDVI  45° 

0.44 

Table  2:  Results  from  linear  regression  analysis  for  predicting  biophysical  variables  from  NDVI  and  spectral  mixture 
analyses  at  different  solar  zenith  angles.  Spheroid  based  geometric-optical  mutual  shadowing  (GOMS),  cone 
and  cylinder  (CYL)  models  of  canopy  geometry  were  tested  in  the  SMA.  Rankings  shown  by  SZA  and  for 
all  12  test  cases  (ties  resolved  based  on  standard  error  values,  not  shown). 
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BACKGROUND 

Global  landcover  mapping  efforts  using  multitemporal 
AVHRR  GAC  and  LAC  data  are  current  testbeds  for 
developing  continuous  landcover  characterization  and 
monitoring  approaches  for  use  with  planned  EOS-era  sensors, 
particularly  MODIS  (Moderate  Resolution  Imaging 
Spectroradiometer).  While  the  remote  sensing  science 
community  can  address  data  handling  and  algorithm 
development  issues,  there  are  currently  no  adequate 
specifications  or  systems  developed  for  training,  validation 
and  accuracy  assessment  requirements  of  global  landcover. 
There  are  over  150  million  land  pixels  for  each  global 
acquisition  at  1-km  resolution.  A  one-percent  sample  requires 
1,500,000  observations  for  accuracy  assessment.  While 
sampling  to  support  TM-based  landcover  mapping  is  well- 
developed,  issues  of  training  and  validation  at  1-km  have  not 
been  resolved.  Although  there  is  utility  in  applying  simple  a 
priori  landcover  classification  systems,  there  is  a  trade-off 
between  simplicity  of  sampling  and  parameterization  of 
landcover  components  so  that  reference  data  may  be  more 
useful  to  support  different  classification  systems.  It  is  obvious 
that  traditional  approaches  to  Earth-feature  representation, 
field  inventory  and  sampling  for  validation  and  accuracy 
assessment  are  inadequate  for  global  mapping.  New  models 
of  training  and  testing  are  required. 

The  overriding  objectives  of  validation  are  to  increase  the 
integrity  and  utility  of  landcover  products  to  the  benefit  of 
the  global  research  and  science  communities.  Validity  implies 
determining  that  we  are  observing  or  measuring  what  we 
think  we  are  measuring;  in  this  sense  validation  is  more 
closely  related  to  calibration  than  to  accuracy  assessment. 
Whereas  validation  of  a  biophysical  parameter  might  entail 
developing  a  quantitative  estimate  or  sense  of  the  physical 
meaning  of  the  parameter  under  consideration  [1],  landcover 
validation  provides  an  indication  or  estimate  of  confidence 
that  a  pixel  or  segment  has  been  correctly  labeled  as  to  a 
thematic  class.  Therefore,  validity  is  dependent  on  how  we 
define  landcover  classes. 


The  critical  issues  related  to  landcover  training  and 
validation  include:  1)  development  of  an  appropriate  scene- 
remote  sensing  model,  2)  sampling  frame  development, 
stratification  and  sampling,  3)  plot  sampling  methods  and 
parameters  in  relation  to  1-km  pixels,  4)  remote  sensing 
system  sampling  parameters  (grid,  orientation,  sampling 
dimension),  5)  data  temporality  and  6)  the  relationship  of  plot 
and  classification  system  parameters.  The  purpose  of  this 
paper  is  to  outline  the  relevant  requirements  and  issues 
relating  to  training,  validation  and  accuracy  assessment.  This 
paper  focuses  on  the  specific  problems  of  developing  training 
and  validation  (reference  data)  and  techniques  for  algorithm 
and  product  validation. 

ACCURACY  ASSESSMENT  AND  VALIDATION 

Accuracy  assessment  is  the  process  of  comparing  products 
with  some  reference.  It  is  designed  to  associate  some 
indicator  of  "correctness"  with  a  product.  Although  accuracy 
estimates  are  derived  from  some  comparison  ,  this  does  not 
necessarily  imply  that  the  reference  is  "truth".  One  of  the 
principal  problems  confronting  accuracy  assessment  of  a 
global  landcover  product  is  determining  what  an  appropriate 
reference  dataset  might  be.  The  working  assumption  of  global 
landcover  validation  is  the  need  to  place  a  bounded  (per- 
pixel)  estimate  on  the  global  accuracy  of  a  classification. 
Current  classification  approaches  are  based  on  structure, 
function,  geography  and  physiognomy,  but  generally  not 
floristics  [2], [3].  If  the  assumption  is  to  place  a  bounded 
estimate  on  accuracy,  then  a  formal  sample  design  based  on 
a  random,  random-stratified  or  systematic  spatial  sample  is 
required  [4].  Such  sampling  requires  repetitive  sampling  at 
multiple  sites  distribute  across  the  globe.  Therefore,  test 
sites  for  which  high-resolution  landcover  data  are  available 
are  proposed  as  an  alternative.  Because  the  test  sites  are  a 
biased  sample,  accuracy  statistics  derived  at  test  sites  cannot 
be  regarded  as  proper  statements  of  global  accuracy. 
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SOURCES  AND  NATURE  OF  ERROR 

Sources  of  error  introduced  into  the  generation  of  landcover 
products  include  compositing,  clouds,  registration,  gridding 
and  binning,  topographic  data  error,  data  dependencies  and 
algorithms  [5].  In  addition,  temporality  can  introduce  error 
when  validation  data  are  not  temporally  coincident  with 
remote  sensing  observation.  This  is  especially  a  problem  for 
detecting  and  describing  change.  Although  data  compositing 
is  prescribed,  it  is  necessary  to  define  meaningful  temporal 
generalizations  of  landcover  based  on  successive  observations. 
A  further  issue  of  temporality  is  assuring  the  temporal 
continuity  of  algorithms  and  processes. 

Algorithm-induced  errors  are  generated  when  the 
classification  algorithm  selects  the  wrong  class.  With  respect 
to  a  particular  class,  errors  of  omission  occur  when  pixels  of 
a  class  are  assigned  wrong  labels;  errors  of  commission  occur 
when  other  pixels  are  wrongly  assigned  the  label  of  the  class 
considered.  Errors  occur  when  the  signal  of  a  pixel  is 
ambiguous,  perhaps  as  a  result  of  spectral  mixing,  or  when 
the  signal  is  produced  by  a  cover  type  that  is  not  accounted 
for  in  the  training  process.  These  errors,  a  normal  part  of  the 
classification  process,  can  be  minimized,  but  not  avoided 
entirely.  While  they  cannot  be  identified  on  a  pixel-by-pixel 
basis  due  to  processing  constraints,  they  can  be  characterized 
in  a  statistical  sense. 


TRAINING  AND  VAUDATION  ISSUES 

Test  sites  are  promoted  to  take  advantage  of  data  that  have 
already  been  generated  and  where  research  is  continuing.  This 
approach  is  not  however  fully  developed.  The  test  site  data 
are  not  in  any  standard  (classification)  format,  they  are 
derived  from  a  number  of  remote  sensing  and  other  sources 
and  may  be  unvalidated.  However,  if  the  test  sites  are 
reasonably  representative  of  their  region  (an  unknown),  test 
site  statistics  can  at  least  indicate  weaknesses  and  strengths  in 
the  datasets  and  allow  users  to  anticipate  how  errors  might 
impact  their  own  research.  The  use  of  unvalidated,  biased  test 
site  data  for  accuracy  assessment  is  an  extremely  subjective 
and  qualitative  approach.  It  should  not  be  considered  in  the 
same  category  as  development  of  an  objective,  statistically 
valid  sampling  system.  Site  inventory  should  be  classification- 
free;  that  is,  landcover/vegetation/  ecosystem  attributes 
should  be  parameterized  so  that  the  standard  classification 
system  can  be  modified  and  so  that  other  classification 
systems  can  be  used  [6].  There  must  be  a  standard  suite  of 
variables  recorded  at  each  site  pertaining  to  ecosystem 
structural  and  functional  parameters  that  are  either  associated 
with  a  landcover  or  will  aid  in  deriving  the  landcover  type. 


Reference  data  for  training  and  validation  are  generally  pre¬ 
existing  maps,  ancillary  biogeophysical  data,  remote  sensing 
data  and  test  site  field  data.  The  quality  and  availability  of 
adequate  training/validation  data  derived  from  field  sites  and 
existing  maps  and  tabular  data  is  crucial  to  landcover  and 
landcover  change  validation.  This  quality  of  reference  map 
data  is  a  function  of  their  inherent  locational  and  thematic 
accuracy.  For  individual  test  sites,  the  utility  and  quality  of 
the  ground  truth  are  variable.  Data  utility  is  influenced  by  the 
classification  system  that  is  applied  to  the  input  parameters 
derived  for  a  site  and  is  also  a  function  of  the  data  source. 

For  map  reference  data,  there  are  a  number  of  global 
vegetation  [7],  potential  natural  vegetation  [8],  ecosystem  [9] 
and  landcover  maps  in  existence  and  planned  for  the  near 
future.  It  is  not  useful  to  intercompare  classification  systems 
without  first  analyzing  their  interrelationships  and  developing 
inter-classification  translations  (ie.  cross-walking).  Since  all 
classification  systems,  whether  by  design  or  not,  are 
appropriate  to  specific  data,  scales  and  levels  of  analysis,  this 
proves  problematic  in  many  cases. 

The  quality  of  reference  data  is  significantly  affected  by  the 
underlying  accuracy  of  the  ground  truth  classification  (which 
may  not  be  known).  Because  factors  relevant  to  validation 
vary  considerably  from  test  site  to  test  site,  validation 
requires  assessment  of  each  test  site  and  most  probably  re¬ 
analyzing  the  site  data  to  extract  specific  landcover  and 
landcover  change  parameters.  This  strongly  supports  the 
development  of  a  high-resolution  reference  dataset  that  is 
derived  from  other  remote  sensing  sources,  standardization  of 
classification  subunits  or  parameters,  standardization  of 
procedures  for  deriving  classification  subunits  and 
parameters,  and  development  of  a  global  sampling  scheme 
and  associated  database. 

High  spatial  resolution  imagery  will  be  available  from  a 
number  of  sources  including  ASTER  (which  will  be  on  the 
EOS- AM  platform  with  MODIS),  Landsat-7  ETM  instrument 
(due  for  launch  at  about  the  time  of  the  EOS- AM  platform  in 
a  near-simultaneous  orbit)  and  Lewis.  Using  these  fine-scale 
data,  spatial  heterogeneity  within  the  test  sites  can  be  further 
characterized.  As  a  continuing  data  source,  these  instruments 
will  also  allow  updating  of  landcover  ground  truth  at  test 
sites  through  the  EOS  era.  Use  of  collateral  remote  sensing 
datasets  provides  additional  benefits  of  redundancy  and 
complementarity  that  are  required  by  data  integration  and  data 
fusion  techniques. 
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STRATIFICATION  AND  SAMPUNG  FRAMES 


CONCLUSION 


Regionalization  is  the  approach  to  stratification  whose 
objective  is  to  increase  classification  accuracy  by  subdividing 
the  globe  into  regions  that  produce  (presumably)  higher 
accuracies  by  minimizing  intra-strata  variance  and  maximizing 
inter-strata  variance.  This  contrasts  with  an  ecoregional 
approach,  although  regionalization  may  ultimately  be  along 
ecological  lines.  Regionalization  cannot  be  completely  defined 
prelaunch  because  it  must  be  a  function  of  how  MODIS  data 
geographically  organize  themselves  (what  is  the  inherent 
global  organization)  rather  than  any  based  on  a  priori 
assumptions  such  as  latitudinal  range  or  continentality.  An 
alternative  is  site  stratification  based  on  latitude, 
continentality,  solar  irradiation,  precipitation,  topography  and 
other  factors  known  to  influence  landcover  patterns. 
Environmental  gradient-based  stratification  and  sampling  are 
independent  of  the  remote  sensing  data  and  classification 
systems.  Thus,  sampling  is  proportional  to  area  while 
assuring  sampling  of  all  types.  This  stratification  would 
provide  the  best  independent  means  of  determining  and 
sampling  the  overall  representativeness  of  the  earth  from  a 
climate/vegetation  perspective.  The  sampling  frame  also  gives 
context  for  allocating  global  test  sites  based  on  their  probable 
efficacy  in  minimizing  uncertainty. 

A  sampling  frame  needs  to  be  developed  that  has  at  least  five 
components:  1)  Stratification/regionalization:  The 

stratification  can  be  ecologically-relevant,  geographically 
determined  or  based  solely  on  inherent  remote  sensing  data 
organization  which  will  at  least  partly  be  a  reflection  of 
ecological  and  biophysical  attributes,  2)  systematic  random: 
TTie  sampling  frame  needs  a  systematic  random  component  so 
that  stratification  and  sampling  are  unbiased  and  so  that  an 
estimate  of  errors  of  omission  can  be  characterized.  Site 
access  generally  constrains  the  use  of  systematic  random 
sampling  but  would  be  possible  if  this  element  was  largely 
dependent  on  high-resolution  remote  sensing  observation  as 
afforded  by  ASTER,  Lewis  or  TM,  3)  Proportional  sampling: 
A  tier  of  sample  points  is  allocated  based  on  class 
proportions.  This  can  either  be  based  on  MODIS  data,  or 
collateral  environmental  and  physical  data.  Approaches  such 
as  gradsect  sampling  [10]  are  employed  using  primarily  non¬ 
remote  sensing  data  although  proportional  sampling  should  at 
least  in  part  use  remote  sensing  data,  4)  Change  detection 
optimized:  As  a  postlaunch  modification  to  the  sampling 
scheme,  points  should  be  allocated  based  on  perceived 
change.  Prelaunch-defined  sites  will  include  areas  that  are 
likely  to  be  dynamic  based  on  history  and  management/use 
practices,  and  5)  Reduction  of  variance:  Postlaunch,  the 
initial  sampling  scheme  should  be  augmented  based  on  the 
assessment  of  where  classification  error  and  variance  are 
high.  Error  probability  contours  can  be  generated  and  samples 
allocated  accordingly. 


The  development  of  global  landcover  maps  requires  the 
parallel  development  of  an  efficient  sampling  frame,  sampling 
mechanism  and  sampling  technique.  Test  sites  are  not 
sufficient  globally  even  if  they  were  developed  to  be  useful 
for  comparison  with  MODIS  landcover  locally.  A  substantial 
effort  is  required  to  derive  consistent  units  for  these  sites  to 
become  valid  input  to  a  global  site  database  system  and  as  a 
tier  in  a  multistage  sampling  scheme.  Given  the  geographic 
area  and  number  of  pixels,  this  will  require  the  community  to 
reexamine  pixel  models  of  classification  and  validation,  as 
well  as  classification  theory  and  remote  sensing  models  for 
landscape  characterization. 
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Abstract.  In  this  paper  a  method  is  proposed  to  extract  of  road  pixels  gray  level  value  intervals.  These  intervals 

road  intersections  from  a  SPOT  panchromatic  image,  could  be  very  different  depending  on  the  area  examined, 

using  a  map-guided  approach  combined  with  the 

application  of  a  neural  network.  The  results  show  arr  This  paper  describes  a  new  method  to  automatically 
average  increase  of  36%  of  planimetric  accuracy  after  extract  road  intersections  from  a  SPOT  panchromatic 

applying  the  method  instead  of  simply  superimposing  the  image  using  a  procedure  that  combines  the  map-guided 

roads  on  the  geocoded  image.  Also,  only  8  out  42  samples  approach  and  neural  networks.  The  first  step  of  this 

were  previously  correctly  traced,  compared  to  27  after  procedure  consists  on  a  Multi  Layer  Perceptron  (MLP) 

application  of  the  algorithm.  training  over  the  examined  image.  The  weight  matrix  thus 

obtained  is  used  in  the  search  procedure  to  evaluate  the 
I  -  INTRODUCTION  potential  of  the  examined  pixels  instead  of  using  gray 

level  value  intervals. 

The  information  contained  in  most  digital  maps  is  usually 

obtained  through  areal  photography  using  stereorestitution  II  -  DATA  AND  PREPROCESSING 

techniques.  Some  important  geometrical  distortions  are 

present  in  this  type  of  document.  Consequently,  some  To  develop  tliis  method,  a  test  is  performed  on  a  geocoded 

planimetric  elements,  such  as  roads,  may  present  SPOT  panchromatic  image  of  Charlesbourg  near  Qu6bec 

noticeable  shifts  from  their  real  position  on  the  ground.  City,  acquired  on  August  19th,  1989  at  15:57  GMT.  A  600 

For  example,  when  a  rasterized  road  map  is  superimposed  by  600  pixels  subset  has  been  extracted,  geometrically 

to  the  corresponding  geocoded  satellite  image,  it  can  be  corrected  with  approximatly  30  ground  control  points  and 

observed  that  many  segments  are  shifted  in  a  non-  resampled  by  cubic  convolution  at  10  meters  resolution, 

systematic  fashion,  some  up  to  3  pixels.  In  the  framework  For  this  particular  test,  a  high  degree  of  planimetric 

of  cartographic  database  validation  and  accurate  accuracy  is  not  essential.  Hence,  a  geometrically  corrected 

automatic  updating  procedures,  it  is  primordial  to  image  is  used  instead  of  an  ortho-image, 

correctly  extract  road  segments  that  are  at  par  with  reality. 

The  road  shapes  already  defined  in  the  cartographic  The  map  roads  are  extracted  from  a  digitized  topographic 

database  may  help  us  to  perform  this  task.  In  fact,  even  if  document  at  a  scale  of  1:50  000  and  rasterized  at  10 

road  segments  shape  and  location  on  a  map  may  meters  resolution  to  create  a  binary  map.  These  roads  had 

sometimes  differ  from  those  on  a  satellite  image,  the  no  topology  at  all  since  the  map  itself  was  used  mostly  for 

information  provided  by  the  map  could  be  used  to  locate  illustration  purposes.  A  topological  relationship  had  to  be 

the  corresponding  road  segments  on  the  image  and  thus  created  by  finding  every  intersections.  This  preprocessing 
correct  the  map  information.  step  is  described  in  details  in  [3].  The  resulting  output  is 

an  indexed  file  containing  every  road  segment  and  each 
In  previous  works  [1],  [2],  it  has  been  shown  that  the  use  segment  pixel  coordinates.  A  file  containing  each 

of  a  SPOT  panchromatic  image  is  very  well  adapted  for  intersection  coordinates  and  the  corresponding  connected 

this  task  due  to  their  high  spatial  resolution  wich  yields  a  segment  numbers  is  also  created, 

good  precision  at  a  scale  of  1:50  000  corresponding  to  the 

scale  of  the  cartographic  database  used  in  this  procedure.  Ill  -  TRAINING  THE  NEURAL  NETWORK 

Tests  performed  with  a  map-guided  procedure  in  [2],  [3] 

produced  interesting  results  in  urban  and  rural  The  neural  network  used  in  this  experiment  is  a 

environments  but  were  constrained  by  the  determination  backpropagation  MLP  inspired  by  the  algorithm  described 

in  [4].  The  training  was  performed  with  a  learning 
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database  containing  over  90  patterns.  A  pattern  is  a  5  by  5 
window  representing  either  an  example  of  road  or  a 
counter-example.  The  counter-examples  are  chosen  to 
represent,  as  much  as  possible,  every  other  class  type 
present  in  the  image.  The  architecture  of  the  weight 
matrix  is  composed  of  an  input  layer  of  25  neurons,  4 
hidden  layers  of  75  neurons  each  and  an  output  layer  of 
one  neuron  representing  the  road  class.  The  patterns  are 
presented  in  a  pseudo-random  fashion;  an  order  of 
presentation  is  randomly  chosen  and  this  sequence  is 
repeated  every  iteration.  The  weights  are  ajusted 
immediately  after  each  pattern  is  presented  instead  of 
waiting  the  end  of  the  whole  pattern  set  presentation.  The 
training  took  over  13  hours  on  a  Digital  Alpha  200  station 
to  reach  an  error  lower  than  0.01  for  every  pattern  in  the 
learning  database. 

A  non-guided  classification  was  performed  with  the 
obtained  weight  matrix  to  summerly  evaluate  the  results 
(Fig.  1).  Using  a  test  database  of  70  samples,  it  could  be 
observed  that  only  55%  of  the  road  patterns  are  well 
classified,  whUe  93%  of  the  non-road  patterns  are  well 
classified.  The  result  was  deemed  acceptable  for  the 
present  study. 


b- 


Figure  1-  Subset  (256  X  256)  of  the  SPOT  image  of 
Charlesbourg:  a-  Enhanced  panchromatic  band,  b- 
Neural  network  binary  road  ciassification. 


IV  -  SEARCHING  THE  INTERSECTIONS  ON  THE 
IMAGE 

In  previous  works,  one  of  the  main  problems  encountered 
while  searching  road  segments  was  that  the  search 
directions  were  either  perpendicular  to  the  local  road  axis 
[1]  or  restricted  in  six  directions  [2],  [3],  thus  ignoring 
some  positions  that  should  have  been  examined.  One  way 
to  correct  this  problem  is  to  examine  every  pbcels  included 
in  a  square  window.  However,  this  brings  another  problem 
in  the  case  of  a  straight  road  segment  For  instance,  a 
north-south  straight  road  that  would  be  shifted  by  two 
pixels  to  the  right  (east)  and  one  pixel  upward  (north) 
would  produce  such  a  problem.  In  fact  the  left-right  shift 
would  be  very  easy  to  detect  since  it  is  perpendicular  to 
the  road  axis,  but  any  position  could  be  chosen  for  the 
upward-downward  shift.  To  prevent  these  problems,  it  has 
been  decided  to  examine  intersections  instead  of  segments 
alone.  Since  most  intersections  are  composed  of  road 
segments  connected  at  a  certain  angle,  all  directions 
should  be  taken  into  account  while  searching  them  on  the 
image. 

The  cartographic  database  implicitly  contains  the  shape  of 
each  road  intersection.  Therefore,  this  information  is  used 
to  guide  the  search  on  the  image.  Each  intersection 
coordinates  in  the  database  represents  the  center  of  a  7  by 
7  search  window  on  the  image  (Fig.  2a).  Each  of  these  49 
pixels  is  in  turn  the  center  of  a  window  defined  by  the 
intersection  shape  (Fig.  2b).  Each  pixel  defining  the 
intersection  repre.sents  the  center  of  a  5  by  5  sub-window 
constituting  the  input  layer  of  the  previously  trained 
weight  matrix  (Fig.  2c).  The  neural  network  outputs  an 
activation  value  for  every  pixel  defining  the  intersection 
shape.  These  values  are  used  to  compute  a  mean  value  of 
activation.  For  example,  on  Fig.  2,  thirteen  values  would 
be  used  to  compute  each  of  the  49  mean  values.  The 
highest  mean  value  of  activation  should  represent  the  real 
position  of  the  intersection  on  the  image. 

V  -  RESULTS  AND  DISCUSSION 

A  sample  of  42  intersections  was  extracted  from  the 
image  ^ig.  3).  The  choice  of  the  samples  was  done  to 
represent  the  widest  possible  range  of  conditions  present 
on  the  image.  At  the  same  time,  the  samples  were  taken  in 
order  to  cover  as,  much  ground  as  possible  to  be  spatially 
representative.  However,  an  intersection  had  to  be  visually 
discernible  in  order  to  be  chosen,  since  it  was  the  only 
"ground  truth"  used  to  judge  the  procedure’s  performance. 
Table  I  summarizes  the  sample  root  mean  square  (RMS) 
error,  both  before  and  after  the  procedure. 

The  results  show  a  decrease  of  36%  of  the  RMS  after 
applying  the  method.  Also,  only  8  out  42  samples  were 
previously  correctly  traced,  compared  to  27  after  the 
application  of  the  algorithm.  It  should  be  noted  that  these 
results  were  obtained  in  spite  of  the  fact  that  the  weight 
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matrix  used  could  only  classify  the  image  at  a  55%  rate  of 
success.  Nevertheless,  almost  65%  of  the  sampled 
intersections  are  precisely  retraced  and  the  global 
planimetric  accuracy  of  the  cartographic  document  is 
substantially  increased. 

VI  -  CONCLUSION 

We  are  able  to  conclude  that  this  method  is  very 
promising,  especially  considering  that  the  weight  matrix 
used  in  the  procedure  had  only  a  55%  classification 


success  rate.  Superior  results  to  all  conventional  image 
processing  methods  should  be  expected  from  a  better 
trained  weight  matrix. 

Further  tests  should  also  be  performed  on  satellite  images 
resampled  at  different  resolutions  to  study  the  effect  of  the 
rasterization  of  the  road  vectors  as  well  as  on  ortho¬ 
images  in  order  to  increase  the  planimetric  accuracy  of  the 
images  used,  thus  readily  minimizing  the  shifts. 
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Figure  3-  Result  of  the  procedure:  Top  left-  **Ground" 
truth.  Top  right-  Original  intersections  superimposed 
on  the  geocoded  image,  Bottom  left-  Extracted 
intersections. 
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ABSTRACT 

This  paper  summarizes  the  results  of  a  radiation  transfer  study 
conducted  on  houseplants  using  controlled  environmental 
conditions.  These  conditions  included:  (1)  air  and  soil 
temperature;  (2)  incident  and  reflected  radiation;  and  (3)  soil 
moisture.  The  reflectance,  transmittance,  and  emittance 
measurements  were  conducted  in  six  spectral  band: 
microwave,  red,  yellow,  green,  violet,  and  infrared,  over  a 
period  of  three  years.  Measurements  were  taken  on  both 
healthy  and  diseased  plants.  The  data  was  collected  on  plants 
under  various  conditions  which  included:  variation  in  plant 
biomass,  diurnal  variation,  changes  in  plant  pathological 
conditions  (including  changes  in  water  content),  different  plant 
types,  various  disease  types,  and  incident  light  wavelength  or 
color.  Analysis  of  this  data  was  performed  to  yield  an 
algorithm  for  plant  disease  from  the  remotely  sensed  data. 

L  INTRODUCTION 

One  key  applicaiton  of  the  space  technology  developed  by  the 
national  Aeronautics  and  Space  Administration  (NASA)  has 
been  in  the  area  of  global  moitoring  of  earth  resources  [1].  In 
cooperation  with  the  United  States  Department  of  Agriculture 
(USDA),  NASA  has  established  the  potential  for  remote 
sensing  through  the  Landsat  program.  This  program  is 
concerned  with  the  estimation  of  crop  yield  from  infrared  and 
visible  imagery.  More  recently,  several  organizations 
throughout  the  world  are  investigating  the  potential  of 
microwave  systems  to  complement  the  Landsat  sensors  for  all 
weather  predictions.  Numerous  publications  on  the  subject  of 
remote  sensing  of  crops  identify  physical  variables,  such  as: 
crop  type,  maturity/age,  soil  moisture,  farming  practices,  crop 
health,  and  climatic  factors,  as  significant  contributors  to  the 
crop  “signature”  [2].  A  mathematical  model  (based  on  both 
microwave  and  infrared  data)  which  could  separate  these 
variables  has,  to  our  knowledge,  not  yet  emerged. 

The  present  study  was  undertaken  to  isolate  and  study  the 
effect  of  plant  condition/liealth  on  the  reflectance/emittance  in 
six  spectral  bands:  microwave,  red,  yellow,  green,  violet,  and 
thermal  infrared.  Disease  in  plants  is  brought  about  by 
infection  with  fimgi,  bacteria,  viruses,  nematodes,  algae,  and 
parasitic  higher  plants  [3].  Deficiency  of  chemicals  such  as 
iron,  nitrogen,  calcium,  and  water  may  also  cause  disease. 
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In  tliis  project,  plants  with  rust,  smut,  leaf  spot,  virus,  and 
mineral  deficiency  diseases  were  studied  [4].  Incident 
radiation  on  the  plant  undergoes  three  processes  for  each  of  the 
three  parts  of  the  electromagnetic  spectrum:  reflection, 
radiation  emission,  and  transmission  [5].  These  three 
processes  have  a  bearing  on  the  plant’s  efficiency  in  the  use  of 
radiation  and  its  adaptability  for  survival  under  stress 
conditions  (disease)  [6,7].  Different  methods  of  plant  disease 
detection  have  been  incorporated.  One  method  is  by  viewing 
leaf,  stem,  or  root  cross-sections  under  a  microscope  or  more 
complex  optical  source  [3,6].  Another  metliod  is  just  by 
visual  observation  of  outward  symptoms  of  the  disease. 
Biochemical  analysis  of  the  plant  biomass  is  also  used  [8,9]. 
All  these  methods,  however,  employ  invasive  and  often 
destructive  measures  to  detect  diseases  and  are  not  economical 
or  even  accurate  for  large  areas/volumes  of  vegetation.  The 
key  element  of  this  investigation  is  that  measurements  were 
taken  while  the  plant  was  living  in  its  foil  biomass  (in  vivo), 
and  undergoing  nonnal  energy  processes, 

Houseplants  were  chosen  so  that  plants  with  slow  and  fast 
growth  could  be  used  in  the  present  study.  Any  changes  in  the 
plant  condition  caused  by  disease  or  lack  of  moisture  cause 
changes  in  the  energy  transfer  processes  (evapotranspiration, 
conduction,  and  convection)  [10].  For  this  reason  ,  the 
radiated  or  reflected  energy  in  the  visible,  infrared,  and 
microwave  bands  is  different  for  diseased  plants.  Reflected 
and/or  emitted  energy  provides  an  indication  of  tlie  health  of 
the  plant.  Measurements  were  taken  on  both  healthy  and 
diseased  plants  under  laboratory  type  conditions.  The  data  was 
collected  under  various  conditions  which  included:  plant 
biomass,  diurnal  variation,  surrounding  temperature,  amount 
of  light,  pathological  conditions  (water  content, 
frozen/unfrozen,  algae,  etc.)  and  incident  lighting  conditions. 
Establishing  repeatability  of  the  data  was  a  key  concern  and 
was  addressed  throughout  tlie  study.  For  this  reason,  a 
controlled  environment  (room)  was  used  to  observe  six  types  of 
houseplants.  The  added  advantage  of  controlled  environment 
was  that  the  plant  could  be  constantly  observed  under 
unperturbed  conditions  with  foil  biomass  and  through  a 
phase/history  of  diseases  which  interfered  with  its  normal 
energy  exchange  processes.  The  plants  were  accessible  day 
and  night  for  these  observations.  The  data  shows  that  water 
deficiency  in  the  plant,  and  the  plant  biomass  have  strong 
dependence  in  the  microwave  band.  The  diseased  plants  show 
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measurable  difference  compared  to  healthy  plants  in  the 
reflected  visible  and  emitted  infrared  bands.  A  mathematical 
formula  was  proposed  on  the  basis  of  the  observed 
dependencies  for  monitoring  the  plant  condition.  This 
algorithm  is  now  ready  for  testing/evaluation  under  natural 
conditions. 

n.  INSTRUMENTS  AND  PROCEDURE 


type;  (4)  disease  type;  (5)  room  temperature;  and  (6)  incident 
radiation.  The  3cm  wavelength  was  found  very  sensitive  to  the 
water  content  of  the  plant  (actual  weight  minus  dry  weight). 
Transmittance  and  reflectance  measurements  were  taken  for 
several  plants  in  this  band,  and  the  plant  was  rotated  to  obtain 
an  average  value  for  the  plant.  Plots  and  tables  for  tlie  average 
values  and  variances  were  computed  along  with  a  record  of  the 
plant  biomass  and  stage  of  growth. 


The  development  of  the  expression  for  the  plant  condition 
remote  monitoring  technique  was  based  on  the  normalized 
integrated  measurements  of  plant  reflections/emissions  at  six 
wavelengths  over  a  period  of  two  years.  The  wavelengths  used 
were  0,41,  0.45,  0.55,  0.65,  and  11  microns,  and  3cm.  A  PRT- 
5  radiometer  and  thermiscope  were  used  at  the  11  micron 
band. 

The  radiometer  gives  point  measurements  of  the  temperature 
on  the  leaves.  The  thermiscope  showed  temperature 
differences  of  the  objects  in  imageiy  form  and  pictures  were 
taken  for  record  and  analysis.  The  microwave  system 
consisting  of  an  antenna,  transmitter,  receiver,  oscilloscope, 
amplifier,  and  a  power  meter,  was  used  for  the  3  cm  band.  In 
addition  to  these  instruments,  an  accurate  thermometer,  a  light 
exposure  meter,  and  microscope  were  used  to  characterize  the 
light  environment  and  the  plant  status.  A  controlled 
environment  (room)  was  made  ready  for  some  experiments  by 
placing  black  cloth  around  the  plant  to  absorb  background 
radiation.  The  room  temperatures  were  maintained  to  within  I 
degree  centigrade  for  the  periods  of  observation.  Several 
experiments  were  conducted  in  the  patio  under  uncontrolled 
environmental  conditions.  Soil  moisture  data  was  also 
collected  in  addition  to  temperature  and  lighting  data.  Fig.  1, 
2,  3  illustrate  typical  instrument  block  diagrams  and  set-up. 
The  plants  were  rotated  to  cover  all  the  foliage  for  the 
reflectance,  transmittance  and  emissivity.  An  average  was 
computed  for  each  plant.  Six  types  of  plants  (  the  Crassula, 
Philodendron,  Ficus,  Shefflera,  Tradescantia,  and  Vriesea) 
were  selected  with  four  types  of  diseases  (rust,  fungus,  virus, 
and  deficiency).  Data  in  the  five  spectral  bands  was  taken 
daily  with  the  following  variables:  (1)  plant  biomass;  (2) 
diurnal  variation  (morning,  afternoon,  and  night);  (3)  plant 


m.  DATA  COLLECTED 

Several  types  of  data  were  taken  to  account  for  the  different 
variables  involved  in  the  experimentation  of  this  technique. 
Fig.  4  shows  the  marked  difference  in  the  band  readings 
between  a  diseased  Schefflera  plant  and  a  healthy  one.  The 
healthy  plant  has  a  higher  reflectance  reading  in  the  green, 
yellow,  and  red  bands,  a  higher  emission  reading  in  the 
infrared,  and  a  lower  transmittance  reading  in  the  x-band 
(since  the  healthy  plant  has  more  foliage).  In  Fig.  5,  different 
diseases  were  compared.  The  two  diseases  compared  were 
nitrogen  deficiency  and  rust  fungus.  The  deficiency  disease 
had  a  higher  reading  in  the  infrared  band,  and,  again,  a  lower 
reading  in  the  x-band.  Additional  data  collected  consisted  of  a 
photo  image  of  the  plant  vs.  the  tliermiscope  image.  In  one 
case  for  the  Philodendron,  the  disease  was  shown  on  the 
infrared  scan  two  weeks  before  it  showed  up  on  the  plant. 

Fig.  6  shows  the  diurnal  variation  between  a  healthy 
Tradescantia  plant  and  a  diseased  one.  Both  plants  have  the 
highest  emittance  readings  in  the  afternoon,  and  the  lowest  in 
the  morning.  Fig.  7  shows  the  difference  in  microwave 
transmittance  readings  of  Ficus  and  Palm  plants.  Specific 
weather  conditions  are  tested  in  this  experiment.  The  Palm 
plant  (having  frostbite)  showed  a  considerably  higher 
transmittance  than  the  deficiency  Ficus.  In  Fig.  8,  plant 
biomass  was  tested. 


Fig.  2  Microwave  Block  Diagram 
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Fig.  3  MiCTOwave  Experimental  Setup 
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RELATIVE  plan:  TRANSMIHANCE 
(otcrlloicope  divtiioni) 


Data  taken  in  all  five  bands  showed  the  larger  Vriesea  plant 
to  have  higher  values  than  the  smaller  plant.  The 
difference  was  especially  noticeable  in  the  X-band.  Each  of 
these  samples  of  data  showed  proof  of  the  basic  hypothesis 
first  presented. 

IV.  DETECTION  TECHNIQUE 

The  repeatability  of  the  measurements  was  ascertained  to 
within  1%.  The  dependencies  in  the  graphs  indicate  that 
the  water  deficiency  in  plants  can  be  detected  most 
accurately  in  the  microwave  band.  The  diseased  plants 
show  measurable  differences  compared  to  healthy  plants  in 
the  reflected  visible  and  emitted  infrared  bands.  The 
parasitic  and  no-parasitic  diseases  of  plants  show 
differences  in  all  the  spectral  bands  investigated.  Diurnal 
variation  readings  show  that  plant  emittance  is  at  its 
highest  during  the  afternoon.  Based  on  tlie  graphs 
presented,  a  detection  technique  for  the  plant  condition  is 
proposed.  The  responses  (relative  emittance,  reflectance, 
and  transmittance)  in  the  visible,  infrared,  and  microwave 
bands  are  labeled  as  Ai’s.  These  responses  were  measured 
for  both  healthy  (Ai’s)  and  diseased  (Bi’s)  plants  of  the 
same  type.  Ratios  B/ Aj  were  computed  for  the  known  plant 
diseases.  Based  on  these  measurements,  a  quantity 

K=2]  Wi(B,/Ai) 

i 

where  Wj  are  weighting  factors  forvarious  bands  that  was 
computed  to  emphasize  the  use  of  a  particular  band  for  a 
specific  disease.  A  matrix  of  Wi’s  and  Xi’s  for  various 
plant  types,  stages  of  growtli,  diseases,  and  environmental 
factors  was  developed  under  known  conditions.  The 
algorithm  showed  more  than  96%  correlation  between  the 
observed  plant  condition  and  the  predicted  disease/water 
deficiency. 

V.  CONCLUSIONS 

In  a  particular  application,  data  should  be  collected  over 
known  healthy  vegetation  (Aj’s)  using  handheld,  vehicle- 
mounted,  aircraft,  or  spacecraft  data.  Data  should  also  be 
collected  under  unknovwi  conditions  and  labeled  as  Bi’s. 
The  value  of  K  should  be  computed  and  compared  with  the 
memorized  values  in  the  computer.  The  memorized  values 
are  developed  using  known  plant  condition  and  laboratory 
observations.  These  values  can  be  experimentally 
detennined  using  controlled  environments  similar  to  what 
was  done  in  this  study.  The  comparison  would  then  yield 
the  unknown  vegetation  disease/condition. 

The  procedure  was  tested  using  the  data  presented  in 
Section  III.  It  was  found  to  be  accurate  nine  times  out  of 
ten  for  the  diseases/conditions  and  plants  for  which  the  data 
was  collected.  The  procedure  could  be  applied  to  the 
commercially  available  Landsat  data  for  large  area 
applications  [11].  In  conclusion,  this  study  successfully 


identifies  a  quantitative  noninvasive  remote  monitoring 
technique  to  detect  pathological  or  water  deficiency  related 
conditions  in  living  plant  based  on  significant  and  sensitive 
variation  in  their  unique  electromagnetic  spectral 
signatures. 
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Abstract  -  One  of  the  key  issues  involved  in  generating  global- 
scale  land  cover  maps  from  remote  sensing  data  is  the  discarding 
of  useless  or  redundant  information.  The  decision  tree  offers  a 

f)romising  ^roach  to  extraction  of  meaningful  features  from 
arge  measurement  spaces.  This  research  examines  the  perfor¬ 
mance  of  several  classifiers  on  subsets  of  features  produced  via 
decision  trees. 

INTRODUCTION 

In  the  EOS  era,  large  datasets  will  be  available  from  such  instru¬ 
ments  as  the  Moderate  Resolution  Imaging  Spectroradiometer 
(MODIS)  that  include  information  from  spectral,  spatial,  tem¬ 
poral,  and  directional  domains.  However,  the  high  dimension¬ 
ality  of  these  datasets  means  that  literally  hundreds  of  features 
(in  the  pattern  recognition  sense)  will  be  available  for  input  to 
algorithms  such  as  land  cover  classification.  Further,  for  the 
case  of  land  cover  classification,  not  all  of  these  features  will 
be  useful  in  a  given  region.  That  is,  a  given  data  field  may  be 
useful  in  one  vicinity,  but  redundant  in  another. 

One  way  to  extract  relevant  information  from  such  high- 
dimension  ^tasets  is  to  employ  feature  selection  using  a  bi¬ 
nary  decision  tree  classifier.  Tbe  tree  is  a  supervised  classi¬ 
fier  that  partitions  measurement  space  via  binary  rules  and  a 
heterogeneity-  minimization  function  [1].  It  is  non-parametric, 
and  is  therefore  effective  in  forming  complicated  decision  sur¬ 
faces.  Additionally,  it  handles  missing  data  relatively  well. 
The  decision  tree  algorithm  can  accept  large  numbers  of  input 
features,  and  the  resulting  tree  structure  provides  for  rapid  and 
objective  selection  of  the  feature  subsets  that  are  most  effec¬ 
tive  for  separating  classes  based  on  the  training  data  supplied. 
These  subsets,  in  turn,  may  be  used  for  large  area  classification 
beyond  the  training  locations  utilizing  the  decision  tree  or  other 
classification  algorithms,  such  as  neural  networks. 

The  present  research  investigates  the  utility  of  binary  de¬ 
cision  trees  to  aid  in  discrimination  of  land  cover  at  the  local 
scale  of  a  test  site  in  the  southeastern  Arizona  desert,  centered 
on  Walnut  Gulch.  Here,  a  database  developed  from  registered 
Landsat  Thematic  Mapper  (TM)  scenes  provides  information 
from  the  spatial,  spectr^,  and  temporal  domains  that  simulates 
the  information  content  of  MODIS  data.  Feature  selection  is 
accomplished  using  decision  trees,  and  a  number  of  classifica¬ 
tion  algorithms  are  compared  for  their  accuracy  in  identifying 
a  limited  number  of  broad  land  cover  types  consistent  with  a 
global  land  cover  product.  Specifically,  the  intent  is  to  examine 
the  implications  of  feature  selection  on  the  generation  of  the 
1-km  global  MODIS  Land  Cover  Product  (MLCP). 

This  woik  was  funded  by  NASA  under  the  MODIS  project,  NASS -3 1369, 
Earth  Observing  System. 


Study  Site 

The  study  site  investigated  in  this  research  is  located  in  the 
southeastern  comer  of  Arizona,  and  includes  the  Walnut  Gulch 
watershed  research  area.  The  cover  types  in  the  study  area  are 
evergreen  needleaf  forest,  evergreen  broadleaf  forest,  decidu¬ 
ous  broadleaf  forest,  mixed  forest,  woody  savanna,  grassland, 
closed  shmbland,  open  shrubland,  cropland,  urban/built-up  and 
barren.  For  presentation  purposes,  these  are  coded  as  1  to  11 
repectively  in  the  tables  below. 

Dataset 

The  dataset  employed  in  this  research  includes  seven  TM  scenes 
collected  in  1 992  over  the  study  site,  a  land  cover  map  of  the  area 
based  on  the  Gap  Analysis  Project  vegetation  layer  for  Arizona 
and  a  digital  elevation  model  (DEM)  subset!^  from  the  30 
arc-second  Digital  Chart  of  the  World.  Thus,  57  data  fields  are 
assembled  for  each  pixel  in  the  study  site.  The  satellite  data  have 
been  atmospherically  corrected  to  surface  reflectance,  and  the 
classes  in  the  vegetation  layer  have  been  remapped  to  the  legend 
used  in  the  International  Geosphere-Biosphere  Programme  Data 
and  Information  System  1-km  Land  Cover  Project  [2],  since 
these  are  the  categories  that  the  MLCP  recognizes. 

The  TM  data  and  vegetation  map  have  been  co-registered 
and  spatially  degraded  to  I -km  resolution  in  order  to  simulate 
the  characteristics  of  the  MODIS  sensor.  The  DEM,  already 
at  approximately  1-km  resolution,  has  been  directly  registered 
to  the  rest  of  the  input  dataset.  Additonally,  image  texture  and 
Soil  Adjusted  Vegetation  Index  layers  have  been  derived  from 
the  reflectance  data. 

METHODS 

Sampling  of  Training  Data 

Two  sampling  strategies  are  examined  in  this  research.  The 
first  is  a  random  stratified  scheme  which  draws  an  equal  propor¬ 
tion  (0.20)  of  each  cover  type.  The  other  is  a  random  stratified 
sampling  which  draws  an  equal  number  of  samples  (300)  from 
each  cover  class.  Both  strategies  are  implemented  for  both  fea¬ 
ture  selection  and  classification. 

Feature  Selection 

The  high  dimensionality  of  the  input  data  set  is  reduced  us¬ 
ing  the  tree-based  approach  of  Breiman  et  al.  [1].  The  algo¬ 
rithm  recursively  partitions  input  data  based  on  a  splitting  rule 
that  seeks  to  maximize  the  inter-subset  variance  at  each  split  in 
the  data,  while  maintaining  an  acceptable  level  of  intra-subset 
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homogeneity.  Operationally,  a  decision  tree  is  grown  using  a 
training  set  that  has  the  full  dimensionality  of  the  inputs,  and 
only  those  features  that  contibute  the  most  to  the  variance  in 
the  training  data  are  retained  for  classification.  Thus,  a  tree  is 
grown  that  fits  all  of  the  training  data,  and  then  pruned  back  to 
reduce  the  fitting  of  noise  in  the  inputs. 

Classifiers 

Three  classification  approaches  are  examined  for  performance 
on  the  reduced  set  of  inputs.  First,  the  predictive  capability  of 
the  decision  tree  itself  is  explored.  Although  primarily  used 
for  feature  selection  in  this  analysis,  the  ability  of  the  tree  to 
label  new  data  is  of  note  because  this  indicates  whether  accept¬ 
able  classification  results  may  be  produced  without  additional 
processing. 

A  second  classification  algorithm  is  a  neural  network  known 
as  Fuzzy  ARTMAP  [3].  Fuzzy  ARTMAP  (FA),  which  operates 
in  a  supervised  mode,  uses  Adaptive  Resonance  Tlieory  tech¬ 
nology  to  relate  input  and  output  patterns,  while  avoiding  some 
of  the  pitfalls  (e.g.  overtraining,  failure  to  converge)  that  are 
associated  with  other  neural  network  architectures  such  as  back 
propagation.  Additionally,  input  and  output  vectors  are  com¬ 
pared  using  fuzzy  operators  rather  than  traditional  set-theory 
measures.  For  comparison,  a  classification  has  also  been  per¬ 
formed  with  FA  using  the  full-dimensional  training  set. 

The  third  approach  is  a  maximum  likelihood  classifier  (MLC). 
The  intent  is  to  use  the  performance  of  the  MLC  as  a  sort  of 
measuring  stick  for  evaluating  the  results  generated  by  the  more 
advanced  techniques.  In  fact,  MLC  is  expected  to  produce  the 
lowest  accuracies  among  the  three  approaches. 

RESULTS  AND  DISCUSSION 
Proportional  Sampling 

For  this  sampling  approach,  the  decision  tree  performs  rea¬ 
sonably  well  in  terms  of  overall  accuracy  (73.47%)  because 
it  characterizes  the  largest  class,  grassland,  best  (see  Table  1). 
This  is  due  in  part  to  the  sampling  approach.  Since  grassland  is 
the  most  common  class  in  the  training  data,  the  tree  tends  to  split 
on  factors  that  reduce  the  intra-class  variance  for  this  category. 
The  only  other  categories  that  have  per-class  accuracies  that 
approach  reasonable  values  are  evergreen  broadleaf  and  barren. 

As  illustrated  in  Table  2,  the  MLC  performs  poorly  in  terms 
of  overall  accuracy  (56.30%)  because  it  has  problems  with  the 
grassland  class  (less  than  50%  correct).  In  the  other  classes, 
however,  maximum  likelihood  seems  to  perform  well.  When 
the  prior  probabilities  for  the  classes  are  adjusted  to  reflect  the 
^cnown  proportions  of  the  cover  types  in  the  study  area,  the 
)erformance  of  the  MLC  improves  to  71.15%  overaJl  accuracy 
(see  Table  3). 

The  Fuzzy  ARTMAP  classification,  78.40%  overall  accu- 
ra,  ^  is  the  best  in  terms  of  overall  accuracy  (see  Table  4).  This 
in  p  t  due  to  its  high  accuracy  in  the  grassland  class.  In  the 
smaller  classes,  FA  produced  results  of  varying  strengths,  but 
none  were  exceptionally  weak.  For  comparison,  Table  5  shows 


the  results  of  running  FA  using  the  full-dimensional  training  set. 
The  overall  accuracy  of  this  scenario  (77.26%)  is  actually  lower 
than  that  obtained  using  the  reduced  measurement  space. 

Equal  Sampling 

For  the  equal  sampling  approach,  certain  classes  are  too  small 
for  the  analysis,  and  must  be  dropped.  The  remaining  classes 
are  evergreen  broadleaf  forest,  mixed  forest,  grassland,  open 
shrubland  and  crops. 

The  decision  tree  performs  poorly  in  terms  of  overall  ac¬ 
curacy  (47.18%)  because  it  characterizes  grassland  poorly  (see 
Table  6).  This  means  that  when  the  tree  does  not  have  knowl¬ 
edge  of  which  classes  account  for  the  most  variance  in  the  test 
data  (as  it  did  under  proportional  sampling),  there  may  be  prob¬ 
lems  with  using  the  trained  tree  for  predictive  purposes. 

As  illustrated  in  Table  7,  the  MLC  again  performs  poorly  in 
terms  of  overall  accuracy  (54.43%)  mostly  due  to  an  inability 
to  label  the  grassland  class  accurately  (less  than  50%  conect). 
In  the  other  classes,  again,  maximum  likelihood  performs  well. 

The  Fuzzy  ARTMAP  classification,  63.56%  overall  accu¬ 
racy,  is  the  best  in  terms  of  overall  accuracy  (see  Table  8). 
Once  again,  this  is  in  part  due  to  its  ability  to  discriminate  the 
grassland  class.  On  smaller  classes,  FA  produced  results  of 
medium  to  high  accuracy.  For  comparison.  Table  9  shows  the 
results  of  running  FA  using  the  full-dimensional  training  set. 
The  overall  accuracy  of  this  scenario  (64.06%)  is  only  slightly 
higher  than  that  obtained  using  the  reduced  measurement  space. 

Conclusions 

For  the  proportional  sampling  strategy,  with  the  exception  of 
the  MLC  with  equal  prior  probabilities,  all  of  the  classifiers 
produced  nearly  equivalent  results.  This  indicates  that  the  ad¬ 
ditional  features  do  not  add  significantly  to  the  information 
content  for  any  of  these  algorithms.  Conversely,  for  the  equal 
sampling  strategy,  all  of  the  classifers  produced  degraded  results 
relative  to  the  proportional  approach,  with  the  neural  network 
being  least  sensitive  to  this  phenomenon.  As  the  latter  strategy 
is  a  likely  scenario  for  production  of  the  MODIS  Land  Cover 
Product  (at  least  in  early  versions),  it  is  apparent  that  the  neural 
network  approach  is  the  most  stable  across  sampling  strategies, 
and  is  the  best  candidate  of  the  three  examined  here  for  produc¬ 
tion  of  this  global  land  cover  database. 
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Table  5:  FA,  proportional  sampling,  full  set  of  features 
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Table  2:  MLC,  proportional  sampling,  equal  priors 


Table  6:  Decision  tree,  equal  sampling 
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Table  7:  MLC,  equal  sampling 


Table  3:  MLC,  proportional  sampling,  adjusted  priors 
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Table  4:  FA,  proportional  sampling 


ref.— »• 
im? 

2 

4 

6 

8 

9 

total 

2 

267 

432 

782 

35 

3 

~1JW 

4 

’9 

643 

123 

5 

1 

791 

6 

27 

3769 

135 

119 

4062 

8 

4 

15 

3110 

1191 

91 

4411 

9 

4 

1 

562 

33 

714 

1314 

trace  =  6584  (Overall  Accuracy  =  54.4267) 


Table  8:  FA,  equal  sampling 


ref.-+ 

imap 

2 

4 

6 

8 

9 

total 

i  ■ 

'SW 

"IXT 

""558" 

22 

2 

1184 

4 

1 

863 

239 

7 

4 

1114 

6 

0 

21 

4672 

250 

81 

5024 

8 

1 

7 

1940 

1064 

55 

3067 

9 

0 

9 

857 

56 

786 

1708 

trace  =  7689  (Overall  Accuracy  =  63.5612) 


ref.— ► 
imap 

1 

"T" 

4 

- 5“ 

— r 

~~r 

10 

total 

1 

■"X" 

~ir 

5l 

2 

1 

7 

0 

0 

0 

0 

203 

2 

0 

163 

1 

96 

1 

97 

2 

13 

0 

0 

0 

373 

3 

0 

0 

5 

0 

0 

0 

0 

0 

0 

0 

0 

5 

4 

75 

54 

2 

802 

18 

87 

20 

1 

0 

0 

0 

1059 

5 

1 

0 

0 

4 

115 

120 

0 

0 

0 

0 

0 

240 

6 

0 

80 

10 

146 

60 

7245 

32 

510 

338 

45 

10 

8476 

7 

5 

5 

0 

8 

3 

17 

81 

7 

0 

0 

0 

126 

8 

0 

0 

0 

1 

2 

585 

15 

855 

31 

8 

0 

1497 

9 

0 

0 

0 

0 

0 

183 

1 

13 

559 

3 

0 

759 

10 

0 

0 

0 

0 

0 

1 

0 

0 

0 

36 

0 

37 

11 

0 

0 

0 

0 

0 

10 

0 

0 

0 

0 

161 

171 

toul — 2(»  i(>6  18  IIIS  26i  iU6  l5S  <»1  l?i  iW46 

trace  =10150  (Overall  Accuracy  =  78.4026) 


Table  9:  FA,  equal  sampling,  full  set  of  features 
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Abstract  —  Many  United  States  federal  agencies  need 
accurate,  intermediate  scaled,  land  cover  information.  While 
many  techniques  and  approaches  have  been  successfully  used 
to  classify  land  cover  in  relatively  small  regions,  there  are 
substantial  problems  in  applying  these  techniques  to  large 
multi-scene  regions.  An  evaluation  was  conducted  of  the 
multiple  layer  land  characteristics  data  base  approach  for 
generating  large  area  land  cover  information.  Mosaicked 
leaves-on  Landsat  thematic  maj^r  scenes  were  used  in 
conjunction  with  leaves-off  thematic  mapper  data,  digital 
elevation  (and  derived  slope,  aspect  and  shaded  relief)  data, 
population  census  information,  defense  meteorological 
satellite  program  **city  lights"  data,  land  use  and  land  cover 
data,  digital  line  graph  data,  and  national  wetlands  inventoiy 
data  to  derive  land  cover  information.  This  ajq>roach  was 
evaluated  for  Region  m  of  the  United  States  Environmental 
Protection  Agency  (middle  Atlantic  states). 

Keywords:  Landsat  TM,  land  cover  classification 

INTRODUCTION 

Many  United  States  federal  agencies,  including  the 
Environmental  Protection  Agency,  United  States  Forest 
Service,  National  Biological  Service,  National  Oceanic  and 
Atmospheric  Administration,  and  the  U.  S.  Geological 
Survey,  curreotfy  have  needs  for  up-to-date  intermediate-scale 
land  cover  data.  Potential  uses  for  such  land  cover  data  are 
many  and  varied,  and  include  assessing  ecosystem  status  and 
health,  modelling  nutria  and  pesticide  runoff,  understanding 
spatial  patterns  of  biodiversity,  land  use  planning,  and 
developing  land  management  policy.  Despite  the  need  for 
curr^  land  cover  data,  much  of  the  intermediate-scale  spatial 
land  cover  data  p)reseotfy  available  for  the  entire  United  States 
is  outdated  and  of  questionable  accuracy.  The  most  recent 
intermediate-scale  land  cover  data  set  generated  for  the 
cont^minous  United  States  (Land  Use  and  Land  Cover  data; 
LUDA)  was  developed  by  the  U.  S,  Geological  Survey  [1]  in 
the  1970*s  via  interpretation  of  high-altitude  aerial 
photography.  While  this  data  set  is  still  probably  adequate 
for  many  applications,  there  is  concern  that  many  land  cover 
changes  have  occurred  since  the  data  set  was  con:q>iled. 
More  recently,  a  land  cover  classification  generated  for  the 


conterminous  United  States  using  1  km  advanced  very  high 
resohidcm  radiometer  data  [2]  [3]  has  been  developed  for  use  by  the 
global  change  research  community.  However,  diis  data  set  is 
spatially  too  coarse  for  assessing  some  of  the  issues  of  national 
concern. 

The  main  objective  of  this  project  was  to  generate  a  generalized 
and  consists  (i.e.  seamless)  land  cover  data  layer  for  EPA  Region 
in,  vdrich  includes  the  states  of  Pamsylvania,  Maiyland,  Delaware, 
Viiginia,  and  West  Virginia.  In  addition  to  enabling  us  to  explore 
various  methods  for  g^ierating  large  area  classifications,  one  of  the 
ramifications  of  this  project  was  that  it  afforded  us  the  oj^rtunity 
to  evaluate  the  potential  and  practicality  of  generating  an 
intermediate  land  cover  data  for  the  conterminous  United  States. 

GENERAL  PROCEDURES 

Data  sources 

The  primaiy  source  of  data  for  this  project  was  leaves-on 
(summer)  Landsat  TM  data,  acquired  in  1991,  1992  and  1993. 
These  data  sets  were  refer^iced  to  Lambert  Azimuthal  coordmates. 
Additionally,  leaves-off  TM  data  sets  were  acquired  and 
referenced.  While  most  of  the  leaves-off  data  sets  were  acquired 
in  spring,  a  few  were  from  late  autumn  due  to  the  difficulties  in 
acquiring  cloud-free  TM  data.  A  wider  seasonal  range  of  dates, 
covering  a  wider  span  of  years,  characterize  the  leaves-off  data.  In 
total,  approximately  50  TM  scenes  were  analyzed.  In  addition, 
other  intermediate  scale  spatial  data  were  acquired  and  utilized. 
These  included  3-arc  second  Digital  Terrain  Elevation  Dataset 
(DTED)  and  derivative  DTED  products  (including  slope,  aspect 
and  shaded  leUeQ,  populaticm  density  data,  Defense  Meteorological 
Satellite  Program  (DMSP)  city  lights  data,  LUDA,  and  National 
Wetlands  Inventoiy  (NWI)  data.  It  is  anticipated  that  Digital  Line 
Graph  (DLG)  data  and  National  Biological  Service  Gap  Analysis 
Program  (GAP)  data  will  be  incorporated  at  a  future  date. 

Methods 

The  general  procedure  of  this  project  was  to  (1)  mosaic 
multiple  summer  TM  scenes  and  classify  them  using  an 
unsupervised  classification  algorithm,  (2)  interpret  and  label 
classes  into  twelve  land  cover  categories  using  aerial  photographs 
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as  reference  data,  (3)  resolve  confused  classes  usmg  the 
appropriate  ancillary  data  source(s),  and  (4)  incor^nte  laird 
^er  information  from  leaves-off  TM  data  and  NWI  d^ 
refine  and  augment  the  "basic"  classification  developed 

above. 


The  entire  region  was  divided  into  two  halves,  which 
were  analyzed  separately.  This  was  done  in  part  to  keep 
amounts  of  analyzed  data  reasonable,  and  m  part 
scenes  from  the  west  half  of  the  region  were  acquired  dunng 
late  summer  and  early  autumn,  whereas  scenes  from  the  east 
half  of  the  region  were  acquired  during  early  summer.  It  was 
felt  that  the  mosaicking  of  early  summer  and  late  summer 
scenes  might  create  difficulties  due  to  phonological 
differences.  For  mosaicking  purposes,  a  base  scene  was 
selected,  and  ofliM-  scenes  were  normalized  to  mimic  spiral 
properties  of  flie  base  scene  following  histogram  equalization 
using  pixels  in  regions  of  spatial  overlap. 

FoUowing  mosaicking,  mosaicked  scenes  were  clustered 
into  100  spectralty  distinct  classes  using  the  Cluster  algonto 
developed  by  Los  Alamos  [4].  Clusters  were  assigi^  mto 
Anderson  level  1  and  2  land  cover  classes  usmg  National 
High  Altitude  Photography  program  (NH/^)  aenal 
photographs  as  reference  information.  Almost  mvanably, 
individual  spectral  classes  were  confused  between/among  two 
or  more  "targeted"  land  cover  classes.  Separation  of  SP®®*™ 
classes  into  meaningful  land  cover  units  was  accomplished 
using  ancillary  data.  Briefly,  for  a  given  confused  spectral 
class,  digital  values  of  the  various  ancillary  data  lay^  were 
compared  to  determine;  (1)  which  data  layers  were  the  most 
effective  for  splitting  the  confused  class  into  the  appropn^e 
land  cover  units,  and  (2)  the  appropriate  thresholds  for 
splitting  the  classes.  Models  were  then  developed  usmg  one 
to  several  data  sets  to  split  each  confused  class  mto  the 
desired  land  cover  categories.  As  an  example,  a  sp^tral 
class  might  be  confused  between  stressed  deciduous  for^t 
and  low  density  residential  areas.  In  order  to  split  this 
particular  class  into  more  meaningful  land  cover  umts, 
population  density  and  city  lights  data  were  ass^sed  to 
determine  if  they  could  be  used  to  split  the  class  mto 
residential  and  forested  categories,  and  if  so,  to  define  the 
appropriate  thresholds  to  be  used  in  the  class  splittmg  model. 


information  was  then  incorporated  into  the  classification  p^ct. 
Land  cover  classes  that  were  spatially  but  not  sP®®‘”fy 
(barren  areas,  clearcuts)  were  digitized  off  the  screen  and  NWI  data 
were  incorporated  into  the  land  cover  product.  The  ^t  and  west 
halves  of  the  region  were  then  mosaicked  together.  Tfre  r^ti^ 
classification  includes:  water,  low  density  developed,  high  d^sity 
developed,  hay /pasture/grass,  row  crops,  conifer  forest,  ^ed 
forest,  deciduous  forest,  forested  wetlands,  emergent  wetlands, 
barren  (non-coal),  and  barren  (coal  mines). 

results  and  conclusions 

The  approach  above  appears  to  have  yielded  a  very  good 
general  land  cover  classification  product  for  a  very  large  region. 
Wle  some  refinement  in  the  product  will  undoubtedly  ^ 
necessary,  and  quantitative  accuracy  checks  have  y^  to  ^ 
conducted,  the  large  area  product  appears  to  have  many  desirable 
characteristics  (e.g.  mostly  seamless,  reasonable  m  tenm  ^ 
accuracy  based  on  visual  inspection).  GAP  data  be 

incorporated  as  they  become  available,  resulting  in  a  much  more 
detailed  land  cover  product.  It  is  envisioned  that  s^« 
approaches  could  be  used  to  enable  efficient  generation  of  land 
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ABSTRACT 

The  goal  of  this  paper  is  to  present  the  capabilities  of  SIR-C 
Synthetic  Aperture  Radar  (SAR)  magnitude  data  (dual  fre¬ 
quency,  dual  polarization)  for  land  cover  classification  pur¬ 
poses  in  areas  with  moderate  slope  variations.  The  work 
consists  of  two  parts.  In  a  first  step  SIR-C  SAR  data  ac¬ 
quired  during  the  SRL-2  mission  over  a  hilly  to  mountain¬ 
ous  area  in  Central  Switzerland  is  geometrically  and  radio- 
metrically  calibrated,  by  taking  into  account  high  resolution 
Digital  Elevation  Model  (DEM)  data.  In  a  second  step  the 
backscattering  coefficient  is  classified  using  an  unsupervised 
and  a  supervised  method.  The  first  one  is  a  scale-space 
clustering  algorithm,  while  the  second  one  is  a  quadratic 
classifier.  Since  topographic  variations  correspond  also  to 
vegetation  changes,  additional  a  priori  topographic  infor¬ 
mation,  such  as  elevation  and  slope  data,  must  be  included 
during  the  classification  step.  The  different  classification 
results  are  then  compared  with  the  digital  ground  truth. 
Results  clearly  shows  that,  in  spite  of  strong  relief-induced 
distortions,  an  accurate  classification  can  be  achieved,  if  the 
SAR  data  is  correctly  calibrated  and  a  priori  information  is 
used. 

Keywords:  SAR  calibration,  backscattering  coefficient, 
unsupervised  and  supervised  classification 

1.  INTRODUCTION 

An  important  requirement  within  most  applications  is  the 
calibration  of  the  SAR  data,  especially  in  areas  with  terrain 
variations,  where  active  radar  signals  are  distorted  due  to 
the  projection  of  the  scene  topography  into  the  slant  range- 
Doppler  plane.  The  primary  effect  of  these  variations  is  to 
change  the  physical  size  of  the  scattering  area.  A  secondary 
but  not  negligible  source  of  radiometric  error  is  due  to  the 
topographic  effects  on  the  antenna  gain  pattern  (AGP)  ,  be¬ 
cause  the  radar  look  angle  is  not  known  precisely  as  a  result 
of  the  platform  displacements  and  the  local  surface  topogra¬ 
phy.  For  this  reason  each  resolution  cell  must  be  radiomet- 
rically  corrected,  by  taking  into  account  platform  displace¬ 
ments  (position  and  attitude),  position  of  the  backscatter 
element  (defined  by  DEM  data),  and  system  AGP. 

The  ability  to  acquire  multifrequency  polarimetric  SAR  data 
implies  multidimensional  data.  Potentially,  this  improves 
the  capability  to  obtain  more  information  about  backscat¬ 
ter  signatures  of  various  terrain  types  and  land  cover.  How¬ 
ever,  the  task  of  extracting  the  large  amount  of  informa¬ 
tion  present  in  these  images  is  still  a  challenging  problem. 
Furthermore,  in  the  remote  sensing  case,  a  priori  knowl¬ 
edge  about  the  land  cover  is  generally  hard  to  come  by,  and 
therefore  the  use  of  supervised  methods  is  prevented.  On 
the  other  hand,  unsupervised  techniques,  such  as  the  clus¬ 
ter  analysis,  offers  the  opportunity  to  explore  in  an  objective 
way  the  data.  Roughly  speaking,  the  goal  of  clustering  is  to 
partition  a  given  data  set  into  subgroups  such  that  the  data 
in  each  group  is  as  compact. 
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The  paper  is  organized  as  follows.  In  section  2  the  data  sets 
are  presented,  while  in  section  3  the  SAR  data  ist  calibrated 
according  to  the  topography.  In  section  4  the  calibrated 
SAR  data  are  classified  using  an  unsupervised  and  a  super¬ 
vised  method.  The  conclusions  are  presented  in  section  5. 

2.  DATA  SETS 

The  SAR  data  (DTI  10.00)  used  in  this  study  were  acquired 
during  the  second  Shuttle  Radar  Laboratory  (SRL-2)  mis¬ 
sion  on  October  7th  1994,  over  an  hilly  (450  msl)  to  moun¬ 
tainous  (2800  msl)  area  of  Central  Switzerland,  located  at 
47.00"N,  8.60"E.  The  SAR  image  (C-  and  L-band  HH-,  HV- 
polarization)  collected  with  an  incidence  angle  of  54.6''  cov¬ 
ers  an  area  of  around  1800  km^. 

Two  DEMs  were  provided  by  the  Swiss  Federal  Office  of  To¬ 
pography.  The  first  one  is  a  high  quality  model  (DHM25) 
derived  from  digitized  map  sheets,  arranged  in  the  Swiss 
national  (Oblique  Mercator)  map  projection  at  an  original 
horizontal  grid  spacing  of  25m,  while  the  heights  are  quan¬ 
tized  to  integer  decimeters.  The  second  one,  also  in  Oblique 
Mercator  projection,  has  an  original  horizontal  grid  spacing 
of  250m  and  a  height  resolution  of  Im  (DHM250).  In  or¬ 
der  to  have  the  same  spatial  resolution  as  the  DHM25,  the 
DHM250  data  were  resampled  to  25m  grid  size  using  a  bi¬ 
linear  interpolator.  Furthermore,  for  classification  purposes, 
the  1979  Land  Use  Map  (LUM)  produced  by  the  Swiss  Fed¬ 
eral  Statistical  Office  has  been  used.  The  LUM  has  a  100m 
raster  and  contains  24  main  classes.  Since  the  SAR  data 
were  geocoded  to  a  pixel  spacing  of  25m,  corresponding  to 
the  DHM25  data,  the  LUM  was  resampled  also  to  a  grid 
spacing  of  25m. 

3.  SAR  CALIBRATION 

From  the  radar  equation  for  distributed  targets  it  is  known 
that  the  received  power  is  modulated  with  the  2-way- 
antenna  gain  G(^0i)^  and  with  the  reciprocal  value  of 
1/ sin  where  Oi  is  the  local  incidence  angle.  For  each  pixel 
these  quantities  are  therefore  dependent  on  the  radar  look 
angle  9i,  the  depression  angle  of  the  antenna,  the  sensor  po¬ 
sition  and  attitude,  the  position  of  the  backscatter  element, 
as  well  as  on  the  processed  pixel  spacing  in  range  and  az¬ 
imuth.  Since  SAR  processing  does  not  include  topographic 
information,  these  two  radiometric  corrections  are  omitted 
during  the  processing  step,  and  therefore  they  should  be 
considered  in  a  postprocessing  step.  A  detailed  discussion 
of  the  applied  method  is  given  in  Holecz  et  al.  (1994  and 
1995).  Figure  1  shows  terrain  geocoded  and  calibrated  L-HH 
data  with  the  corresponding  local  incidence  angle  map,  AGP 
correction  for  L-band  HH-polarization,  and  lay  over /shadow 
mask.  It  should  be  pointed  out,  that  the  achieved  geometric 
accuracy  amounts  at  less  than  half  pixel,  while  the  radiomet¬ 
ric  calibration  distortions  due  to  the  topographic  effects  are 
up  to  6.1  dB  (local  incidence  angle),  1.2  dB  (AGP  L-HH, 
>HV),  and  1.5  dB  (AGP  C-HH,  -HV)  in  magnitude. 
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racy  basically  influences  only  the  determination  of  the  local 
incidence  angle,  while  elevation  errors  of  several  meters  do 
not  affect  the  accuracy  of  the  AGP  correction  (Holecz  et  al., 
1995). 


Figure  2:  Calibration  differences  in  dB  using  DHM25  and 
DHM250 

What  are  the  topographic  effects  on  the  SAR  data?  3 

represents  uncalibrated  and  calibrated  L-HH,  C-HH,  L-HV 
and  C-HV  data  for  the  whole  image.  Note,  that  layover  and 
shadow  areas  were  excluded  by  the  histograms  computation. 
From  these  plots  it  can  be  easily  recognized,  that  SAR  data 
not  calibrated  according  to  the  topography  (dashed  lines) 
are  spreaded  out,  strongly  affecting  the  SAR  statistic.  A 
reduction  of  this  dispersion,  of  course,  do  not  mean  a  loss 
of  information  by  the  classification  step:  it  is  to  understa.nd 
as  a  much  more  homogeneous  data,  or  statistically  speaking 
robust. 


Figure  1:  Terrain  geocoded  and  calibrated  L-HH  data  with 
the  corresponding  local  incidence  angle,  AGP  correction, 
and  layover/shadow  mask 

An  important  issue  by  SAR  calibration  is  the  DEM  accu¬ 
racy.  For  this  purpose,  as  already  mentioned  in  Section  2, 
a  high  and  low  resolution  DEM  were  used  during  the  cali¬ 
bration  step.  The  calibration  differences  in  dB  are  shown 
in  Figure  2.  Dark  values,  which  means  no  changes,  are 
frequently  located  in  flat  areas  (lakes  and  bottom  of  the 
valleys),  while  bright  values,  mainly  situated  in  the  moun¬ 
tainous  areas,  correspond  to  large  variations,  namely  3  to  4 
dB  in  magnitude,  with  extreme  changes  up  to  10  dB.  How¬ 
ever  even  in  the  hilly  area,  variations  in  the  order  of  1  to  2 
dB  are  observed.  It  has  to  be  noted,  that  the  DEM  accu- 


Figure  3;  Uncalibrated  (dashed)  and  calibrated  (solid)  L- 
HH,  C-HH,  L-HV  and  C-HV  data  for  the  whole  image 

4.  LAND  COVER  CLASSIFICATION 

In  this  section  two  different  ways  to  extract  qualitative  infor¬ 
mation  from  SAR  data  are  applied.  The  first  one  is  a  scale- 
based  clustering  algorithm  (Wang  and  Posner,  1993).  The 
probability  distribution  for  the  determination  of  a  cluster 
center  is  chosen  such  that  its  entropy  (-  ^’(®)  ^(^)) 

is  maximized  subject  to  a  linear  contraint  (—  ®(^) 

where  e(a;)  is  the  Euclidean  distance  between  the  observa¬ 
tion  X  and  the  cluster  center  y),  namely. 

P(X)  -  ^ 

with  =  1/T,  where  T  has  to  be  considered  as  temperature. 
It  should  be  noted,  that  this  approach  does  not  assume  any 
particular  data  distribution.  The  melting  procedure  starts 
with  huge  l3,  initializing  every  observation  as  a  cluster.  By 
increasing  the  temperature  T  the  clusters  merge,  generating 
a  tree  of  clusters.  A  criterion  for  determining  the  goodness 
of  each  cluster  (defined  as  fractional  free  energy)  is  used. 
Moreover,  a  real  cluster  should  remain  stable  over  a  long 
range  of  logarithmic  scales.  The  second  one  is  a  supervised 
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Bayes  classifier  with  equal  a  priori  probability  (Dud a  and 
Hart,  1973).  In  addition  we  assume  that  the  probability 
density  function  of  each  class  may  be  represented  by  a  mul¬ 
tivariate  normal  distribution  or  by  a  mixture  of  such  normal 
components. 

Figure  4  illustrates  the  classification  results  based  on  the 
unsupervised,  supervised  method  including  a  priori  topo¬ 
graphic  information,  and  LUM. 


Figure  4:  Unsupervised,  supervised  with  topographic  infor¬ 
mation,  and  LUM.  From  black  to  white:  sh ado w/lay over, 
water,  forest,  pasture,  unvegetated,  agricultural  fields. 

A  visual  comparison  of  the  classified  images  with  the  LUM 
shows  the  classification  accuracy  and  indicates,  that  the  best 
result  is  obtained  using  a  supervised  classification  including 
a  priori  topographic  information.  It  is  to  be  pointed  out, 
that  for  the  supervised  method  for  each  land  cover  type  only 
1  training  sample  was  used.  This  is  only  possible  when  the 
data  is  fully  calibrated.  The  a,  priori  topographic  informa¬ 


tion  was  included  during  the  classification  step  by  means  of 
three  simple  conditions,  i.e.  1)  urban  areas  are  not  on  sloped 
area,  2)  agricultural  fields  are  not  located  over  a  given  al¬ 
titude,  3)  pasture  is  not  in  the  flat  areas.  Omitting  this 
topographic  knowledge,  significant  classification  errors  oc¬ 
cur  for  urban  area  vs  rocks,  agricultural  fields  vs  pastures 
and  pastures  vs  agricultural  fields,  due  to  the  same  radar 
return  nature  in  both  frequencies  and  polarizations.  This 
is  especially  evident  in  the  mountainous  area  where  rocks 
are  confused  with  urban  area.  In  the  surrounding  surfaces 
unvegetated  soil  (in  this  case  bare  soil  at  about  2500  msl) 
is  classified  as  agricultural  fields.  We  should  remember  the 
acquisition  date,  namely  October  7th.  In  this  period  of  the 
year  several  agricultural  fields  are  bare  soil,  and  therefore 
from  radar  not  discriminable  from  unvegetated  soil  at  any 
frequency  and  polarization.  The  same  situation  occur  be¬ 
tween  pasture  and  agricultural  fields:  some  fields  were  not 
cultivated  during  the  current  year,  or  after  the  summer  har¬ 
vest  grass  is  growing,  or  they  still  have  some  low  crops  such 
as  raps  or  canola  (Wegmiiller,  1990).  Basically,  the  classifi¬ 
cation  result  using  the  clustering  algorithm,  which  contain 
the  effective  radar  return  information,  are  conform  to  the 
described  situation. 

5.  CONCLUSIONS 

From  our  results  it  is  evident  that  an  accurate  SAR  data  cal¬ 
ibration  using  a  high  resolution  DEM  is  a  fundamental  re¬ 
quirement  even  for  qualitative  analysis.  Furthermore,  it  was 
shown,  that  in  spite  of  strong  relief-induced  distortions,  an 
accurate  classification  over  a  large  area  (1800  km^)  having 
significant  different  terrain  morphologies  can  be  achieved, 
if  a  priori  information  (thematic  and  topographic  informa¬ 
tion)  is  used.  On  the  other  hand,  unsupervised  methods, 
are  useful  to  a)  explore  in  a  objective  way  the  SAR  data,  b) 
determine  which  classes  are,  statistically  speaking,  robust, 
and  c)  indirectly  interpret  the  scattering  mechanisms  of  the 
radar. 
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Abstract  —  A  new  optical  SAR  processor  is  developed  and 
experimentally  tested.  The  main  procedure  of  two- 
dimensional  spatial  filtering  as  well  as  the  phase  perturbation 
correction  are  performed  by  means  of  classical  Fourier  optics 
in  a  tilted-plane  configuration.  The  raw  data  are  introduced  by 
means  of  film  inserted  into  laser  beam.  The  image  is  detected 
by  CCD  camera,  displayed  and  stored  by  PC.  The  possibility 
of  data  input  by  means  of  liquid  crystal  display  is  investigated 
theoretically.  Different  possible  optical  set-up  configuration 
were  analysed  and  tested  from  the  point  of  view  of 
geometrical  and  radiometric  resolution.  The  processor  is 
tested  by  simulated  point  targets  raw  data  and  by  real  raw 
data  of  ERS-1  and  ALMAZ- 1  satellites. 


correct  image  scaling)  by  means  of  general  SAR  theory. 

2.  The  experimental  testing  of  a  SAR  processor  wt 
simulated  point  targets  raw  data  and  with  r^l  data  of  ERS-1 
and  ALMAZ- 1  SARs  using  traditional  data  input  by  means  ot 

film. 

3.  The  introducing  of  LCD  as  input  data  source. 

4.  The  introducing  of  watching  system  for  on-line  processor 
parameters  modulation. 

The  present  paper  covers  the  steps  1  and  2  and  preliminary 
investigation  concerning  step  3,  since  the  LCD  was  not 
available  at  a  time  of  submission. 

THEORY 


INTRODUCTION 

There  exist  many  applications  where  real  time  quick-look 
lower  resolution  SAR  images  are  more  desirable  than  off-line 
full  resolution  images.  Such  systems  could  be  implemented  as 
on-board  processors  of  airborne  or  spacebome  SAR  as  well  as 
compact  ground-based  (or  shipbome)  processors  intended  for 
direct  utilisation  by  SAR  imagery  users.  The  opUcal 
integration  of  large  array  of  data  seems  to  be  very  competitive 
with  respect  to  digital  one  as  far  as  the  processing  speed  is 
concerned.  The  development  of  modern  optical  SAR 
processor  provides  an  alternative  and  attractive  way  to  satisfy 
these  demands. 

The  traditional  optical  processing  were  used  tor  i>AK  oata 
up  to  the  time  when  considerable  progress  in  computing 
technology  were  achieved.  Such  processors  were  bulky  and 
incapable  to  operate  in  on-line  regime.  Now,  using  the  novel 
technology  of  spatial  light  modulation,  it  is  possible  to 
combine  the  advantage  of  digital  data  storage  and  that  of 
optical  integration  speed.  This  work  is  the  first  step  m 
construction  of  such  a  processor.  It  comprises  the 
development  of  the  theoretical  basis  and  laboratory  tests  ot 
processor  main  features. 

Up  to  now  only  one  version  of  optical  real-time  bAK 
processor  were  proposed  and  described  in  publications  -  the 
processor  based  on  "add-and-shift"  CCD  principle  [1,2].  We 
propose  here  the  more  traditional  version  with  two- 
dimensional  simultaneous  integration  in  range  and  azimuth 
and  fully  digital  input  and  output  of  data  by  means  of  liquid 
crystal  display  (LCD)  and  CCD  matrix  respectively. 

The  main  stages  of  the  approach  to  the  problem  are  as 

follows;  .u  OTA 

1.  The  analysis  of  all  system  features  (i.e.  the  zu 

integration  procedure,  the  phase  distortion  suppression,  the 
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Let  us  consider  the  SAR  with  chirp  modulated  transmitted 
pulse  (this  is  a  case  for  ERS-1  SAR).  The  expression  for 
single  point  target  raw  data  of  such  a  SAR  in  most  general 
case  can  be  written  in  the  following  form; 


/*M  =  Ao+  (1) 

-I- Ajcos  [27:  (kiox  +koiy  +/:2o^^+^o2r+^i i^3'  +^21^ 

where  x  and  y  are  the  co-ordinates  of  data  carrying  medium 
(e.g.  photographic  film)  corresponding  to  scene  co-ordinates 
of  azimuth  and  range  respectively. 


K  Jl _ ^tanPl 

(2a) 

(2b) 

(2c) 

(2d) 

(2e) 

k  ^ 

phc% 

(2f) 

where  Xq  is  the  radar  wavelength,  /(,  is  the  radar  carrier 
frequency.  Jig  is  the  mean  slant  range,  V  is  the  platform 
velocity  U  is  the  velocity  of  scene  motion  caused  by  Earth 
rotation,  a  is  the  chirp  rate,  p  is  the  angle  between  antenna 
beam  position  and  normal  to  SAR  velocity,  f„f  is  the 

demodulated  signal  centre  (offset)  frequency  (for  ERS-1 
/  =0,  for  ALMAZ-1  /<,/=750  Hz),  p  and  <?  are  the  scaling 

factors  between  the  scene  and  data  carrier  in  azimuth  and 
range  respectively. 

Expression  (1)  describes  the  transparency  function  ot  the 
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elliptical  Fr^nel  lens  with  focal  lengths  determined  by  factors 
^20  3nd  ^Q2  in  azimuth  and  range  meridians  respectively  [3]: 


F=± 


‘^Xlk^Q 


p  =  + _ L 

^  -2X^ 


02 


(3) 


where  ?t,is  the  laser  wavelength.  As  the  azimuth  focal  length 
depends  on  target  range,  the  azimuth  focal  plane  of  real  data 
will  be  tilted  against  the  range  one  by  the  angle: 


(4) 


The  linear  terms  in  (1)  are  responsible  for  the  asymmetry  of 
Fresnel  pattern.  The  terms  depending  on  both  co-ordinates 
introduce  phase  distortion  into  diffracted  wave  and  are  known 
as  range  walk  (term  k^^xy )  and  range  curvature  (term  k2iX^y). 


OPTICAL  PROCESSOR  DESCRIPTION 


The  optical  system  capable  to  focus  the  raw  data  of  point 
target  into  a  single  point  is  shown  in  fig.  1.  It  consists  of 
spherical  and  cylindrical  telescopes  bringing  both  azimuth 
and  range  focal  planes  of  Fresnel  lens  into  coincidence,  and 
of  the  2-lenses  module  correcting  range  walk  and  curvature. 
The  lens  L5  is  appropriately  tilted  in  range  plane  and  rotated 
around  system  axis.  The  telescopic  and  tilted  plane 
configuration  allows  to  hold  the  uniform  and  adequate  scaling 
over  the  final  image.  The  screen  with  hole  passes  only 
converging  diffracted  wave  and  stops  the  diverging  one  and 
non-diffracted  light. 

This  optical  set-up  is  the  most  general  configuration 
suitable  in  principle  for  any  SAR  system.  The  following 
expressions  determine  the  angle  %  between  input  beam  and 
axis,  the  angle  a  of  input  and  output  data  planes  tilting,  the 
angles  of  lens  L5  tilt  \|/j  and  rotation  xj/j  via  SAR  parameters: 

tan  X  =  ,  tan  \|r,  =  Xf'^k2^ln  (5) 


Table  1.  Example  of  parameters  set  for  ERS-1  case. 


speed  of  light 

300000  km/s 

SAR  carrier  frequency 

5.3  GHz 

SAR  wavelength 

0.056604  m 

mid-swath  slant  range 

852.72  km 

mid-swath  incidence  angle 

23  deg 

SAR  velocity 

6.656  km/s 

pulse  repetition  frequency 

1678.7  Hz 

pulse  duration 

37,1  mcs 

pulse  bandwidth 

14.3  MHz 

sampling  frequency 

18.96  MHz 

chirp  factor  (alpha) 

620842  Hz 

oversampling  factor 

2.651748 

sample  interval  In  azimuth 

3.964942  m 

sample  interval  in  range 

7.911392  m 

angle  of  antenna  squint  (beta) 

1  deg 

-200  m/s 

parameters  of  raw  data 


offset  frequency 

750  Hz 

azimuth  scale  factor  (p) 

3.3  IE-06 

range  scale  factor  (q) 

1.66E-06 

klO 

-312.381  mmA(-l) 

kOI 

1.345819  mmA(.i) 

k20 

-1.86455  mmA(-2) 

k02 

-3.10696  mmA(-2) 

k11 

-0.05436  mmA(-2) 

k21 

0.000544  mmA(-3) 

parameters  of  optical  processor 


laser  wavelength 

0.6325  mcm 

azimuth  focal  length 

423.9712  mm 

range  focal  length 

254.433  mm 

tilt  angle  of  azimuth  focal  plane  (fi) 

16.47899  deg 

focal  length  LI  and  L2  -  sphere 

500  mm 

focal  length  L3  -  cylinder 

200  mm 

focal  length  L4  -  cylinder 

100.2307  mm 

focal  length  L5  -  cylinder 

-90  mm 

focal  length  L6  -  cylinder 

90  mm 

angle  of  input  film  tilt  (alpha) 

5.361227  deg 

distance  between  lenses  L2  and  L3 

103.7444  mm 

distance  from  lens  L2  to  image  plane 

754.433  mm 

distance  from  frequency  plane  to  lens  L5 

3.847722  mm 

tilt  angle  of  lens  L5  (psil ) 

1.569433  deg 

rotation  angle  of  lens  L5  (psi2) 

-0.98485  deg 

anqie  between  input  beam  and  ootical  axis  rhil 

-11.1766  dea 

tan  a  = 


sin  (p 

[ptqf  -  cos  (p  ’ 


tan  \|;2  = 


(6) 


where  F  is  the  focal  length  of  both  spherical  lenses.  To 
provide  the  unity  aspect  ratio  of  an  image  the  focal  lengths  of 
cylindrical  lenses  must  satisfy  the  condition: 


Fig.  1.  The  SAR  tilted  plane  processor  schematic  diagram: 
L1-L2  -  spherical  telescope,  L3-L4  -  azimuth  cylindrical 
telescope,  L5-L6  -  phase  distortions  correction  module,  F  - 
gane  of  input  data,  PI  -  plane  of  range  focuses  of  input  data, 
P2  -  plane  of  azimuth  focuses  of  input  data,  P1+P2  -  the, 
combined  position  of  planes  of  range  and  azimuth  focuses. 


=  piq  (7) 

The  distance  between  L2  and  L3  is  adjusted  in  order  to 
provide  the  coincidence  of  planes  PI  and  P2  in  the  image 
domain.  The  focal  lengths  of  lenses  L5  and  L6  do  not  play 
important  role  but  they  must  not  disturb  significantly  the 
telescopic  condition  of  the  main  system. 

The  total  set  of  system  parameters  is  calculated  by  the 
Excel  worksheet  (see  example  in  table  1). 

EXPERIMENTAL  TESTS 

The  system  was  tested  with  simulated  point  target 
responses  and  with  real  raw  data.  The  simulated  data  were 
calculated  and  printed  by  PostScript  and  LaserWriter.  Then 
they  were  photo-reduced  and  realised  as  black-and-white 
film.  With  simulated  data  the  problems  of  system  resolution  , 
adequate  scaling  and  phase  distortions  suppression  were 
investigated.  These  tests  have  confirmed  all  theoretical 
performances  of  the  optical  system. 

As  real  data  we  used  the  raw  data  of  ERS-1  and  ALMAZ- 1 
satellites.  The  real  data  were  transferred  to  the  film  in  the 
similar  manner.  The  results  are  illustrated  by  images  obtained 
from  the  same  raw  data  sets  by  means  of  standard  digital  and 
optical  processing  (fig.  2  and  3). 

The  system  parameters  were  adopted  in  each  case  for  the 
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Fig.  2.  The  ERS-1  SAR  image  processed  digitally  (top)  and 
optically  (bottom). 

SAR  parameters  accounting,  in  particular  for  fact  that  for 
ALMAZ- 1  only  azimuth  focusing  is  needed  (as  in  ALMAZ- 1 
SAR  no  chirp  pulse  is  implemented),  while  for  ERS-1  the 
focusing  in  both  dimensions  is  needed.  The  comparison  with 
standard  processing  shows  in  both  cases  that  the  quality  of 
optical  processing  has  the  evident  lack  of  spatial  resolution 
but  the  quality  of  image  can  be  considered  as  sufficient  for 
some  quick-look  applications. 

FUTURE  ACTIVITIES 

The  considered  optical  set-up  is  consisting  of  classical 
optical  elements.  Now  modem  electro-optical  elements  are 
available  or  will  be  available  in  near  future.  These  are  the 
LCD  [4]  or  other  spatial  modulators  of  light  with  direct 
addressing  of  cells  which  transparency  or  reflectivity  [5]  as 
well  as  optical  length  is  modulated  by  external  electrical 
signal.  The  use  of  such  elements  opens  two  possibilities  -  the 
digital  input  of  raw  data  by  modulating  the  transparency  of 
matrix  used  instead  of  input  film  and  the  synthesis  of  any 
arbitrary  phase  compensating  function  to  perform  the 
focusing.  Such  phase  function  can  be  realised  as  a  light  valve 
matrix  (or  matrices)  and  used  instead  of  lens  system  with  the 
same  output  result.  All  parameters  of  processing  (both 
constant  and  variable)  are  introduced  by  applying  the 
appropriate  signal  (from  computer)  to  each  cell  thus 
modulating  its  phase  or  amplitude  transfer  factor. 

The  performance  of  such  a  system  (and  its  size)  depends 
however  on  a  size  of  available  electro-optical  cells.  The 
principal  requirement  for  such  a  system  is  that  a  number  of 


Fig.  3.  The  ALMAZ-1  SAR  image  processed  digitally  (top) 
and  optically  (bottom). 

simultaneously  lighting  up  pi'  ’Is  of  input  matrix  must  be 
enough  to  ensure  the  needed  resolution.  E.  g.  for  ERS-1  this 
number  is  about  2000  if  each  pixel  of  raw  data  is  used.  The 
compactness  of  a  system  depends  primarily  on  a  size  of  light 
modulator.  For  example,  the  for  above  SAR  images  the  pixel 
size  of  raw  data  was  about  25  pm  the  total  optical  length  of  a 
system  being  about  2.5-3  m. 
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Abstract  -  The  following  paper  provides  a  discussion  of 
several  procedures  for  generating  elevation  and  terrain 
category  database  information  for  the  modeling  of  deciduous, 
coniferous,  and  mixed  forested  areas.  Specifically,  techniques 
for  the  geometric  modeling  of  individual  pine  and  oak  trees, 
based  on  measured  or  estimated  location,  height,  and  canopy 
diameter  are  presented.  Techniques  for  randomly  populating 
forested  areas  at  user  specified  densities  with  individual  trees 
are  discussed.  Considerable  simulated  imagery  has  been 
developed  for  both  solid  canopy  forest  and  individual  tree 
forest  models.  In  the  case  of  forests  modeled  as  collections  of 
individual  trees,  imagery  has  been  developed  for  forests  with 
varying  tree  densities.  Simulated  image  presentations  (grey 
level  and  pseudo-color)  include  sidelooking  SAR  range  and 
ground  range  imagery  and  forward  scan  B-Scope  and  P-Scope 
range  and  ground  range  imagery.  All  modeling  and  simulation 
was  accomplished  using  the  Synthetic  Aperture 
Reconnaissance,  Tactical,  And  Camouflage  (SARTAC) 
imaging  radar  simulation  and  analysis  tool  developed  at  the 
University  of  Nevada  with  the  support  of  the  U.S.  Army 
Corps  of  Engineers  Cold  Regions  Research  and  Engineering 
Laboratory  (USACE/CRREL)  and  the  U.S.  Army  Corps  of 
Engineers  Waterway  Experiment  Station  (USACE/WES), 


INTRODUCTION 

The  database  modeling  techniques  described  in  the  follow¬ 
ing  sections  were  developed  as  part  of  the  Synthetic  Aperture 
Reconnaissance  Tactical  And  Camouflage  (SARTAC)  Imag¬ 
ing  Radar  Simulation  and  Analysis  Tool.  At  this  time 
SARTAC  resides  on  a  Silicon  Graphics  Indigo  workstation 
and  consists  of  approximately  50,000  lines  of  ‘C’  code.  The 
primary  purpose  of  the  program  is  the  generation  of  simulated 
sidelooking  and  forward  scan  radar  imagery.  Required  input 
data  includes  ground  truth  elevation,  terrain  type,  and  target 
0-7803-3068-4/96$5.00©1996  IEEE 


information.  User  controlled  inputs  which  directly  affect  sim¬ 
ulated  imagery  include:  altitude,  depression  angle,  frequency, 
polarization,  range  resolution,  cross-range  resolution,  antenna 
pattern,  flight  path,  area  of  illumination  and  display  options. 

Also  included  in  the  program  is  a  graphic  terrain  database 
editor  which  can  be  used  for  the  creation  of  new  databases  as 
well  as  for  the  modification  of  existing  ones.  Tree/forest  mod¬ 
eling  is  accomplished  interactively  through  this  editor. 

TREE  MODELING 

In  the  case  of  both  coniferous  and  deciduous  tree  models 
the  required  user  specified  inputs  are  average  height,  average 
(canopy)  radius,  height  deviation,  radius  deviation,  and 
canopy  roughness  factor.  For  any  individual  tree  the  tree 
height  is  computed  as  tree_height  =  average_height  +  (1.0  - 
2.0(rand(0,l))(height_deviation).  Similarly  the  tree_radius  is 
computed  as  tree„radius  =  average_radius  -i-  (1.0  - 
2.0(rand(0,l))(radius_deviation).  After  statistical  placement 
of  the  tree  centers  based  on  a  user  specified  density  (trees/ 

km^),  individual  canopy  elevation  values  within  the  specified 
tree  radius  are  found  based  on  the  distance  of  a  pixel  from  the 
tree  center. 

In  the  case  of  coniferous  trees,  the  elevation  of  individual 
points  (pixels)  within  the  canopy  are  formed  as 

elevation  =  ground_elev_tree„center  +  tree_height  -  Az, 

where  Az  =  0.9*tree_height*distance_to__center/tree_radius. 
Finally  the  elevation  is  roughened  using  elevation  =  elevation 
+  (0.5-rand(0,l))  *  roughening_factor  *  tree_height.  Figure  1 
shows  the  relevant  variables. 

Assumptions  underlying  this  model  are: 

1)  Canopies  in  plan  view  are  circular. 
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Figure  1 .  Evergreen  Tree  Canopy  Modeling 


2)  Maximum  canopy  height  occurs  at  tree  center. 

3)  Canopy  shape  in  side  view  is  triangular. 

In  the  case  of  deciduous  tree  canopies  the  elevation  of  a 
particular  point  on  the  top  of  the  canopy  is  computed  as 


elevation  =  ground_elev_tree_center  +  tree  height  +  Az  , 


Figure  2.  Deciduous  Tree  Canopy  Modeling 


Figure  3.  Deciduous  Tree  Canopy  Computations 

As  shown  in  Figure  2  and  3,  elevation  values  of  the  canopy 
depend  on  the  (x,y)  values  of  an  ellipse  with  minor  axis  of  2a 
and  major  axis  of  2b.  Finally  the  elevation  is  roughened  using 
elevation  =  elevation  +  (0.5-rand(0,l))  *  roughening_factor  * 
tree_height.  In  the  case  of  deciduous  tree  models  we  have 
assumed: 

1)  Canopies  are  circular  in  plan  view. 

2)  Maximum  height  occurs  at  tree  center. 

3)  Canopies  are  elliptical  in  side  view  with  ellipse__width  = 
tree_radius  and  ellipse  height  =  tree_height/2. 

If  the  computed  elevation  is  greater  than  the  current 
elevation  value,  the  current  elevation  value  and  tree  category 
are  replaced  with  the  computed  elevation  and  current  tree 
category.  Otherwise,  the  existing  terrain  is  at  an  elevation 
greater  than  the  canopy  pixel. 

TREE  POPULATION  AND  PLACEMENT 

Individual  canopies  for  deciduous  and  coniferous  trees  are 
inserted  in  terrain  elevation  and  terrain  cover  databases 

statistically  based  on  the  user  specified  value,  trees/km  . 
Areas  for  population  can  be  selected  by  drawing  closed  areas 
directly  into  the  database  or  by  selecting  an  existing  area.  All 
terrain  cover  within  the  selected  area  is  remapped  to  grass  (or 
wasteland),  prior  to  tree  insertion.  Individual  trees 
(Deciduous,  coniferous,  or  a  mixture  of  the  two  types)  are 
then  generated  as  described  above  and  inserted  randomly  in 
the  area  at  the  proper  density. 

Specifically,  the  user  defined  density  is  converted  to  trees 
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per  database  resolution  cell.  Notice  that  this  value  will 
typically  be  «  1.0,.  If  for  example  the  distance  between 
ground  truth  data  points  is  2  m  and  the  user  enters  the  value 

10,000  trees/km^,  we  find  trees/cell  =  0.04,  or  a  tree  center 
located  in  one  out  of  25  database  cells,  on  average.  At  each 
pixel  within  the  area  to  be  populated,  we  compute  a  random 
value  uniformly  distributed  between  0  and  1.  If  this  value  is 
less  than  the  computed  value,  trees/cell,  a  tree  center  is 
located  within  the  current  cell  (pixel).  Note  that  the  value, 
trees/cell  is  in  effect  a  probability.  If  this  probability  is  greater 
than  the  value  uniformly  sampled  from  the  interval  [0,1],  a 
tree  should  be  located  within  the  current  pixel  area.  The  actual 
location  of  the  tree  center  within  the  current  cell  is  formed  as 
x=row  +  Zj  and  y  =  col  +  Z2,  where  (row, col)  is  the  location  of 
the  current  pixel  and  z^  and  Z2  are  independent  random  values 
sampled  uniformly  between  -0.5  and  0.5.  This  coordinate 
value  (x,y),  is  then  used  for  the  center  location  of  the  tree 
canopy  to  be  constructed  as  described  previously. 

SIMULATED  RESULTS 

Figure  4  shows  a  250x300  m  sidelooking  ground  range 
mapped  image  of  a  modeled  forested  area.  The  area  is  com¬ 
posed  of  the  following  tree  types  and  densities.  Quadrant  1: 

Mixed  pine  and  deciduous  at  10,000  trees/km^  for  each  type. 
Quadrant  2:  Pine  trees  at  10,000  trees/km^.  Quadrant  3: 
Deciduous  trees  at  10,000  trees/km^.  Quadrant  4:  Mixed  pine 
and  deciduous  at  2,000  trees/km^  for  each  type.  In  all  cases 


Figure  4.  Simulated  Sidelooking  Image 


Figure  5.  Simulated  Forward  Scan  Image 


average  tree  height  for  pine  is  20  m,  and  15  m  for  deciduous, 
and  average  canopy  radius  is  5  m.  Radar  parameters  include: 
altitude  =  10,000  m,  depression  angle  to  scene  center  =  30 
degrees,  frequency/polarization  X  H/H,  4-look  noise  averag¬ 
ing,  Im  range  and  cross-range  resolution.  Figure  5  shows  a 
forward  scan  ground  range  mapped  image  of  a  forrest  section 
composed  of  a  mixture  of  pine  and  oak  trees  whose  location 
and  size  information  was  measured.  Radar  parameters  were 
set  as  follows:  altitude  =  25  m,  depression  angle  to  near  range 
edge  =  40  degrees,  frequency/polarization  X  H/H,  range  reso¬ 
lution  =  Im,  and  far  range  crossrange  resolution  =  1  m. 
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ABSTRACT  :  The  specification  of  future  radar  satellites  and 
many  remote-sensing  applications  need  information  about  the 
geometrical  distortions  seen  in  a  SAR  image.  The  main 
geometrical  distortions  are  those  that  are  called  "shadow"  and 
"lay-over";  it  is  very  difficult  to  quantify  them  with  a  lonely 
SAR  image,  but  the  use  of  many  SAR  images  allows  a 
numerical  evaluation  of  these  distortions.  Unfortunately  not 
only  this  procedure  is  very  expensive,  but  also,  before  the 
launch  of  RADARS  AT,  only  SIR  C  produced  satellite  multi¬ 
incidence  radar  images.  On  the  contrary,  digital  elevation 
models  are  easy  to  access,  for  a  large  variety  of  countries 
and  landscapes. 

We  show  here  the  interest  of  geometrical  SAR  simulations  in 
order  to  estimate  the  probability  of  geometrical  distortions 
and  extract  practical  information  concerning  visibility.  We 
describe  our  approach  of  SAR  simulation,  based  on  an 
adaptation  of  ray-tracing  to  radar  geometry,  and  expose  two 
specific  applications.  The  first  one  is  used  to  specify  the  best 
incidence  angle  for  the  simulation  with  a  representative  DEM 
base  (100  000  km^,  and  the  second  one  is  used  to  predict  the 
visibility  of  urban  objects  with  specific  satellites 

This  work  is  based  on  incidence  angle  specification  for 
RADARSAT  III,  and  emphasizes  the  radar  potential  for 
urban  study. 

1  Introduction 

When  we  observe  a  SAR  satellite  image,  we  can  see  two 
major  types  of  phenomena  :  speckle  noise  and,  geometrical 
effect  such  as  relief  aspect  or  building  backscatter.  In  a  real 
image,  those  two  phenomena  arc  totally  confused,  so  that 
cannot  permit  to  make  a  quantification  of  one  or  other. 

The  use  of  simulation  permits  to  quantify  independently 
geometrical  or  backscattering  effects.  There  are  two  major 
types  of  simulation  :  simulation  of  speckle  effect  with 
Goodman  model  and  simulation  of  the  surface  variation  of 
the  radar  echo  du  to  the  relief.  We  show  in  this  paper  our 
technique  to  realize  geometrical  simulation  only,  then  we 
show  two  applications  in  the  observation  of  incidence  effect. 
First,  we  calculate  the  best  radar  incidence  to  maximize  the 
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visibility  using  a  DEM  base.  Second,  we  show  the  inference 
of  the  incidence  angle  in  the  visibility  of  buildings. 

2.  Simulation  scheme 

we  present  here  our  algorithm  to  make  SAR  geometrical 
images. 

2.1  Context  and  equations 

The  constraint  of  our  simulator  are  : 

-  Simulate  SAR  satellite  images. 

-  Simulate  relief  effect  in  small  area  of  DEM. 

-  Give  opportunity  to  quantify  shadows  and  lay-over. 


Fig  1 :  Exact  geometry 


Fig  2:  Approached  geometry,  i  angle  of  incidence 
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So,  we  can  make  some  approximations  in  modeling  geometry 
of  acquisition.  The  first  point  permits  to  use  constant 
incidence  angle  because  the  high  altitude  allows  small 
variations  in  viewing  angle. 

The  second  point  assumes  that  wave  fronts  are  plane.  For 
ERS-1  (altitude  800km),  this  approximation  gives  a  deviation 
of  only  few  millimeters  for  30  meters  pixel,  also,  we  assume 
that  the  trajectory  of  the  satellite  is  a  straight  line. 

Others  aproximations  consist  to  neglect  earth  curvature  and 
to  assume  that  cartographic  projection  of  DEM '  are  exactly 
the  ground  surface.  The  calculus  of  the  deviation  inducted  by 
ours  approximations  shows  that  it  is  (in  use  of  ERS-1 
parameters)  neglected  in  a  10  kilometers  range.  So,  we  must 
only  simulate  small  parts  of  ground  or  periodically  update 
our  simulation  parameters. 

These  approximations  have  two  principal  advantages  :  first,  a 
low  computation  coast,  that  gives  possibilities  of  simulation 
in  extensive  DEM  base;  second,  the  sensor  parameters  are 
constant  for  one  simulated  image,  so  geometrical  effects  of 
SAR  acquisition  are  constant. 


2.2  Algorithm 

Fig.  2  shows  us  the  wave  front  separate  of  A  r  (range 
resolution).  Four  steps  are  necessary  for  our  simulation  : 

-  we  find  shadow  areas  , 

-  we  compute  DEM  facet  table  for  each  pixel  in  SAR  image, 

-  we  use  this  table  to  characterize  lay-over  areas, 

-  we  sum  the  facets  contributions  for  each  pixel. 

The  first  step  is  realized  using  a  simple  geometrical 
condition  ;  we  follow  the  incidence  plane  for  each  DEM  facet 
and  mark  as  shadow  the  facet  if  one  other  intersection  is  find 
with  the  DEM. 

The  second  step  is  computed  using  a  distance-finding 
algorithm.  For  each  pixel  of  simulated  SAR  image  we  find, 
all  DEM  facets  that  have  a  distance  between  [nAr  ;  (n-i-l)Ar] 
and  satisfy  the  azimutal  condition.  Finally,  a  facet  table  is 
obtained  for  each  pixel. 

The  third  step  consists  in  extracting  lay-over  areas  from  facet 
table.  Lay-over  pixels  correspond  to  ones  which  have 
multiple  facets  contributions,  so  as  count  upper  one  in  the 
table. 

In  the  last  step,  we  built  the  radiometric  value  of  the  pixel. 
For  one  pixel,  we  explore  facet  table,  compute  intersection 
between  resolution  cone  and  the  facet  (with  a  discrete 
algorithm)  and  sum  each  contribution.  The  contribution  of 
facets  is  calculated  according  to  the  Lambertian  model. 


with  ERSl  parameters 

Finally,  geometrical  SAR  image  is  obtained  (Fig.  3).  This 
image  can  be  seen  as  a  perfect  de  speckled  image  of  a 
Lambertian  uniform  landscape. 


3  Application 

Typical  application  of  simulation  is  to  realize  statistical 
analysis  of  phenomena  that  are  too  complex  for  direct 
estimations  (in  real  images).  Visibility  prediction  is  the 
fundamental  example.  Two  approachs  can  be  used  :  one  to 
specify  the  best  sensor  parameters  to  maximize  visibility  of  a 
class  of  landscape  or  one  to  evaluate  the  visibility  of  a 
particular  object  with  a  defined  sensor. 


3.1  Specifying  angle  of  incidence 

Before  the  launch  of  Radarsat,  there  was  no  permanent  multi- 
incidence  SAR  satellite  sensor.  Maximizing  incidence  game 
is  very  interesting  for  the  research  applications  but  increase 
the  global  coast  of  the  sensor.  According  to  this,  we  use 
simulations  over  a  large  base  of  DEM  (100  000  km  )  to 
compute  the  means  of  shadow  and  lay-over  ratio  surfaces. 
Two  types  of  products  can  be  generated  :  an  image  of  shadow 
or  lay-over  regions  as  a  function  of  radar  incidence  and  a 
graphic  displaying  shadow  or  lay-over  alp  a  function  of  the 
radar  incidence. 

Next,  the  summation  of  the  two  graphics  (shadows  and  lay¬ 
over)  permits  to  obtain  a  graph  of  the  viewing  probability  for 
each  angle  of  incidence  (Fig.  4). 

For  the  conclusion  about  this  study,  we  have  remarked  that 
the  best  angle  of  incidence  which  maximizes  the  visibility,  is 
between  30°  and  55°.  This  conclusion  coincides  with  the 
opinion  of  the  majority  of  experts  interviewed. 


^Digital  Elevation  Model 
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FIG  3.1  :  Visibility  function  and  means  of  1/1000  viewable 
areas,  continuous  line  foldover,  -  line  shadows. 

3.2  Visibility  of  a  particuiar  objects  : 

If  we  have  the  model  of  an  object  and  if  we  want  to  acquire 
an  image  with  an  existent  system,  we  need  to  make  a  choice 
between  configurations.  For  example,  with  ERS-1,  the  choice 
between  an  ascending  or  a  descending  pass  is  needed.  The 
same  problem  appears  for  the  surveying  of  some  particular 
objects  in  a  town,  or  for  the  predicting  of  buildings  masks. 

The  simulator  permits  to  compute  images  and  to  choose  the 
best  way  to  acquire  this  area.  Fig.5  shows  an  example  of  this 
kind  of  application. 


3.3  Other  applications 

One  major  other  application  of  this  geometrical  simulation  is 
assisted  photo  interpretation  for  geological  survey.  If  we  have 
a  DEM  of  a  volcano  before  an  irruption  and  a  acquired  image 
after  the  irruption,  we  can  compare  real  simulated  image  to 
detect  changes. 

Another  application  is  an  assisted  learning  of  SAR  geometry. 
Simulation  allows  to  show  many  views  of  the  same  area,  and 
so,  to  show  an  exhaustive  demonstration. 


4.  Conclusions 

We  show  here  the  interest  to  uncouple  two  major  difficulties 
in  the  interpretation  of  SAR  images  :  speckle  and  no  usual 
aspects  of  relief  effects.  This  method  gives  robust  estimation 
to  evaluate  a  set  of  parameters  for  a  sensor  system,  in 
specification  or  acquisition  phases. 


Fig  5  :  SAR  simulated  image  of  a  town  model,  az  angle  of 
_ azimut,  i  angle  of  incidence. _ 


3D  perspective 

DEM  base 

az : -90  i :  23 

az  :  -90  in  :  35 

az  :  45  i:  23 

az  :  45  in  :  35 
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ABSTRACT 

The  use  of  a  tree  growth  model  to  provide  statistical 
information  about  the  scattering  components  of  boreal-type 
forests  is  described.  Such  data  is  used  as  input  to  a  radar 
backscatter  model  as  an  alternative  to  data  obtained  through 
intensive  fieldwork  and  has  been  used  to  predict  the  total 
backscatter  from  three  test  stands  at  C-band  frequency  for 
three  polarisation  combinations  (HH,  W  and  HV).  The  test 
sites  consisted  of  two  stands  of  Scots  Pine  and  one  of 
Norwegian  Spruce.  The  modelled  backscatter  values  are 
compared  to  measured  C-band  data  from  a  polarimetric 
airborne  Synthetic  Aperture  Radar  (EMISAR).  Differences 
between  modelled  and  simulated  backscatter  values  compare 
favourably  with  previous  studies,  with  like-  and  cross- 
polarisation  differences  less  than  2.5dB,  with  the  modelled 
backscatter  values  generally  less  than  those  observed. 


INTRODUCTION 

There  is  increasing  interest  in  the  use  of  microwave 
instruments,  such  as  Synthetic  Aperture  Radar  (SAR),  to 
monitor  specific  characteristics  of  forest  ecosystems.  The 
analysis  of  measured  data  however,  requires  the  development 
and  validation  of  theoretical  models  that  can  predict 
microwave  scattering  from  vegetation  and  soils.  To  date  the 
validation  associated  with  such  backscatter  models  has  been 
limited,  the  effort  needed  to  collect  and  analyse  extensive 
ground  truth  being  one  of  the  principal  reasons  for  the 
shortage  of  model/data  comparisons.  To  circumvent  this 
difficulty,  this  study  utilises  a  tree  growth  model  developed  at 
the  University  of  Wageningen  which  simulates  the  growth  of 
typical  trees  within  a  forest  stand,  given  information  about  its 
general  characteristics  [1].  This  can  allow  for  comparisons 
of  modelled  and  observed  backscatter  values  over  large  areas 
without  a  significant  increase  in  ground  truth  measurements 

The  central  focus  of  this  study  is  the  application  of  this 
model  to  a  region  of  boreal-type  forest  within  the  test  site  of 
i'le  Northern  Hemisphere  Climate  Processes  Land-Surface 
E  oeriment  (NOPEX).  Data  from  the  tree  growth  model  is 
used  to  drive  the  radiative  transfer  backscatter  model  and 
rough  surface  scattering  model  developed  by  Karam,  et  al,  at 
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the  University  of  Texas  [2].  This  model  was  developed  to 
simulate  the  microwave  scattering  of  layered  vegetation  and 
is  based  on  an  iterative  solution  of  the  radiative  transfer 
equation  up  to  the  second  order  to  account  for  multiple 
scattering  within  the  canopy  and  between  the  ground  and  the 
canopy.  The  canopy  may  be  represented  by  up  to  three 
layers,  with  the  branches  and  needles  (or  leaves)  within  each 
layer  being  grouped  into  different  sizes  each  with  their  own 
orientation  distribution.  These  scatterers  are  modelled  as 
randomly  positioned  finite-length  dielectric  cylinders. 

TEST  SITE  AND  DATA  COLLECTION 

The  measurement  sites  are  located  in  the  forest  at 
Siggefora,  20  km  north  west  of  Uppsala,  Sweden.  The  area 
is  dominated  by  forests  of  predominately  Norwegian  Spruce 
{Picea  abies)  and  Scots  Pine  {Pinus  sylvestris).  Topographic 
variation  throughout  the  forest  is  small  with  a  total  change  of 
elevation  of  less  than  15-m  over  the  4-km^  area  of  the 
Siggefora  test  site.  Individual  stands  were  chosen  for  ground 
truth  measurements  on  the  basis  of  species  homogeneity  and 
spatial  uniformity. 

Ground  data  collection  of  forest  parameters  involved 
destructive  sampling  of  six  representative  trees  of  three 
different  ages  and  species  (i.e.,  3  each  of  Norwegian  Spruce 
and  Scots  Pine).  Measurements  of  age,  shoots,  number  of 
branches,  and  details  of  physical  dimensions  (Le.,  diameter, 
length,  angle  of  inclination)  of  each  tree  component  were 
made  in  order  to  parameterise  the  tree  growth  model. 

Tree  Growth  Model 

The  tree  growth  model  uses  species  dependent  branching 
statistics  coupled  with  other  local  variables  such  as  lighting 
conditions,  maximum  tree  height,  etc.,  to  simulate  the 
physical  structure  of  trees  of  a  given  age,  with  branches 
represented  by  collections  of  cylinders.  From  such 
simulations,  statistical  distributions  of  branch  characteristics 
may  be  determined  and  used  as  input  to  the  backscatter 
model. 

The  model  was  used  to  simulate  trees  typical  of  those 
found  in  the  Siggefora  test  site.  An  visual  representation  of 
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some  simulated  trees  is  shown  in  Fig.  1 ,  illustrating  different 
ages  of  a  Scots  Pine. 

The  model  can  produce  a  variety  of  statistical  information 
about  branch  dimensions,  ages,  locations  and  angular 
distributions,  which  can  be  grouped  together  in  terms  of  any 
parameter,  such  as  cylinder  dimensions  or  branch  order.  An 
example  of  the  distributions  obtained  from  a  simulated  67 
year  old  Scots  Pine  is  shown  in  Fig.  2.  The  data  from  the  tree 
growth  model  is  therefore  readily  adapted  for  use  as  input  to 
backscatter  model. 

Parameterisation  of  Forest  Stands 

Using  a  combination  of  field  estimates  of  tree  density,  tree 
stand  ages  from  forestry  records,  and  the  data  from  the  tree 
growth  model,  individual  stands  can  be  characterised  by 
number  densities  and  angular  distributions  of  cylindrical 
branch  elements  in  different  layers.  A  visual  representation 
illustrating  the  three  stands  considered  in  this  study  is  shown 
in  Fig.  3.  These  modelled  sites  were  two  pine  stands,  (28  and 
67  years  old)  and  a  38  year  old  spruce  stand. 

The  current  study  has  concentrated  on  stands  with  dense 
forest  cover  to  minimise  the  effect  of  surface  characteristics. 

The  determination  of  the  layering  scheme  is  dependant 
upon  the  characteristics  of  each  forest  stand,  but  are  generally 
one  of  three  categories  (each  of  which  is  clearly  evident  in  the 
three  cases  shown  in  Fig.  1): 

•  1  layer:  (1)  Small  upright  trunks,  live  branches,  needles. 

•  2  layer:  (1)  Small  upright  trunks,  live  branches,  needles. 

(2)  Upright  trunks,  dead  branches. 

•  3  layer:  (1)  Small  upright  trunks,  live  branches,  needles. 

(2)  Upright  trunks,  dead  branches. 

(3)  Large  upright  trunks. 

Airborne  SAR  Data 

Polarimetric,  C-band  SAR  data  of  the  Siggefora  region 
were  acquired  on  23  June  1994  with  the  airborne  SAR  system 
of  the  Danish  Centre  for  Remote  Sensing  (EMISAR)  flown 
on  a  Gulfstream  G-3  aircraft  [3].  The  flight  of  the  EMISAR 
instrument  covered  a  triangular  flight  line  with  an  image 
centre  incidence  angle  of  50°  and  a  ground  resolution  of  2.0- 
m  in  both  range  and  azimuth.  The  corresponding  incidence 
angles  (Oj )  over  the  Siggefora  site  ranged  from  44  to  46°. 


RESULTS  AND  DISCUSSION 

The  model  results  were  computed  at  C-band  over  a  range 
of  incidence  angles  using  the  simulated  stands  as  input  to  the 
scattering  model.  The  model  predictions  for  the  total 
backscatter  (given  as  T^a^osOi)  from  the  Siggefora  forest 
stands  are  shown  in  Table  1  alongside  the  EMISAR  measured 
values. 


Fig.  1.  Visual  representation  of  3  stages  of  growth  of  Scots 
Pine  (15,  20  and  30  year  old)  using  a  tree  growth  model  to 
simulate  tree  structure.  The  scale  on  the  left  is  in  metres. 

For  like-polarisation  the  experimental  values  are 
consistently  higher  than  those  predicted  by  the  model  by 
between  0.9  and  2.4  dB.  This  is  comparable  to  earlier 
modelling  studies  which  have  encountered  similar 
discrepancies  between  modelled  and  measured  backscatter  [2, 
4]. 

The  similarity  of  the  HH  and  VV  experimental  values 
(differing  by  0.1  to  0.3  dB)  may  indicate  that  the  main 
scatterers  are  randomly  orientated,  which  in  turn  may  imply 
that  the  needles  or  groups  of  needles)  are  the  main 
contributors  to  the  bc  ckscatter.  The  model  results,  on  the 
other  hand,  consistently  show  higher  values  for  HH,  implying 
that  the  branches  dominate  in  the  modelled  backscatter.  This 
is  most  apparent  in  the  spruce  stand  where  there  is  a 
difference  of  1.2  dB. 

A  likely  explanation  for  the  discrepancies  observed  is  that 


Branch  Di.strihution.s  (70  yr  Scots  Pine) 


Fig.  2.  An  example  of  the  discrete  orientation  statistics  of 
various  branch  sizes  for  a  simulated  67  year  old  Scots  Pine 
using  a  tree  growth  model.  Such  data  forms  the  basis  of 
input  parameters  to  the  radar  backscattering  model. 
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in  reality  the  needles  are  clustered  around  the  smaller 
branches  providing  dense  scattering  centres,  and  are  not 
evenly  distributed  throughout  the  canopy  (forming  an 
attenuating  cloud)  as  in  the  model.  Overcoming  this  problem 
will  require  a  systematic  method  for  representing  needle- 
covered  branches  by  equivalent  dielectric  cylinders. 


CONCLUSION 

In  this  paper  we  have  introduced  the  use  of  a  tree  growth 
model  to  provide  statistical  information  about  the  dimensions 
and  angular  distributions  of  scattering  components  of  Scots 
Pine  and  Norwegian  Spruce  stands  within  the  Siggefora 
forest.  Such  data  has  been  used  as  input  to  a  backscatter 
model  as  an  alternative  to  using  intensive  field  data  and  has 
been  used  to  predict  the  total  backscatter  from  three  test 
stands  at  C-band  frequency  for  three  linear  polarisation 
combinations  (HH,  VV  and  HV).  The  model  predictions 
were  compared  with  experimental  data  from  the  Danish 
EMISAR  instrument  and  the  differences  and  similarities  were 
analysed.  The  simulation  results  show  the  model  worked 
well  for  the  Scots  Pine  stands  but  were  significantly  poorer 
for  the  Norwegian  Spruce. 


Future  analysis  will  include  the  modelling  of  L-Band 
backscatter  to  compare  with  EMISAR  data  from  the  NOPEX 
1995  campaign.  Such  comparisons  should  prove  invaluable 
for  developing  a  better  understanding  of  the  main  factors 
affecting  radar  backscatter  from  boreal-type  forests. 
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Table  1 :  A  comparison  of  simulated  (Ymod)  and  experimental  (Ysar)  C-band  backscatter  values. 


stand 

28  year  old  pine 

67  year  old  pine  stand 

38  year  old  spruce 

HH 

VV  HV 

HH 

VV 

HV 

HH 

VV 

HV 

Ysar 

Ymod 

Ysar- Ymod 

-8  8 

-8.4  -16.3 

-8.5 

-8.4 

-16.7 

-6.8 

-6.9 

-16.2 

-9.7 

-10.1  -16.0 

-10.5 

-10.8 

-17.6 

-8.1 

-9.3 

-14.2 

0.9 

1.7  -0.3 

2.0 

2.4 

0.9 

1.3 

2.4 

-2.0 

Fie.  3.  Visual  representation  of  the  three  stands  using  data  from  the  tree  growth  model.  The  stands  are  consecutively,  67  year 
old  pine  (with  a  small  proportion  of  spruce),  28  year  old  pine  and  38  year  old  spruce.  Height  scales  are  in  metres. 
(Undergrowth  is  represented  here  but  was  not  incorporated  into  the  modelling). 
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Abstract  -  Airborne  polarimetric  Synthetic  Aperture  Radar 
(SAR)  data  are  investigated  for  their  potential  in  mapping 
herbaceous  coastal  wetlands.  The  subenvironments  of 
coastal  wetlands  have  very  distinct  vegetation  cover  and 
surface  properties.  Qualitative  analysis  of  the  SAR  images 
reveals  the  relative  importance  of  surface  and  vegetation 
scatter  in  these  subenvironments.  Furthermore,  sampled 
SAR  data  distinctly  separate  the  subenvironments,  indicating 
that  classification  techniques  could  be  used  to  discriminate 
among  them.  Although  wetland  environments  aie  typically 
too  vegetated  to  use  empirical  surface  models  to  explain  the 
SAR  return,  discrete  scatterer  models  can  be  used  to  account 
for  the  scattering  due  to  the  vegetation.  A  discrete  scatterei 
model  fitted  to  a  coastal  wetland  site  on  Bolivar  Peninsula 
near  Galveston,  Texas  provides  insight  into  the  dominant 
scattering  mechanisms,  and  may  aid  in  the  accuiate  mapping 
of  coastal  wetlands. 


INTRODUCTION 

Modeling  the  scatter  of  microwave  radiation  by  natural 
surfaces  and  vegetation  is  important  for  assessing  the  ability 
of  radar  remote  sensing  to  accurately  map  terrain  and  land 
cover.  Coastal  wetlands  comprise  a  critical  ecosystem  tor 
specialized  vegetation  and  wildlife  habitats,  as  well  as  for  the 
natural  production  of  methane.  The  Synthetic  Apeituie 
Radar  (SAR)  backscatter  coefficient  (a^)  is  a  complex 
function  of  local  characteristics  including  topography, 
geological  composition,  soil  moisture  and  salinity,  and 
vegetation  density  and  structure.  Modeling  the  scatter  from 
the  vegetation  is  important  for  classifying  land  cover, 
monitoring  change  in  dynamic  environments,  and 
discriminating  among  mechanisms  of  the  backscatteied 
return.  The  focus  of  this  work  is  the  analysis  and  modeling 
of  the  SAR  return  from  coastal  wetland  vegetation.  Both 
fully  polarimetric  SAR  data  in  C,  L,  and  P  bands  and  fixed- 
baseline  interferometric  SAR  (TOPSAR)  data  were  acquired 
by  the  NASA/JPL  AIRSAR  system  in  April  1995.  The  dam 
were  acquired  in  support  of  a  project  to  detect  topographic 
change  and  relict  geomorphic  features  on  barrier  islands  for 
NASA's  Topography  and  Surface  Change  Program.  Imagery 
over  a  salt  marsh  is  being  used  tor  a  preliminary  study  ot  the 
effects  of  vegetation  on  the  SAR  return. 

Interest  in  SAR  response  to  wetland  environments  has 
increased  in  recent  years.  Ormsby  and  Blanchard  [1]  studied 


This  work  was  supported  by  the  National  Aeronautics  and 
Space  Administration,  under  the  Topography  and  Surface 
Change  Program  (Grant  NAG5-2954). 

0-7803-3068-4/96$5.00©1996  IEEE 


the  effect  of  inundation  on  a^.  Pope  et  al.  [2]  developed 
wavelength  and  polarization  dependent  indices  of  which 
represent  scattering  mechanisms  such  as  attenuation  due  to 
vegetation  and  depolarization  due  to  vegetation  multiple 
scattering.  Such  indices  can  be  used  as  qualitative  measuies 
of  the  effect  of  vegetation  cover  on  the  total  G^  return. 

Understanding  the  scatter  due  to  vegetation  also  helps 
relate  the  G^  return  to  surface  properties  such  as  soil 
moisture.  Knowledge  of  the  soil  moisture  distribution  can 
then  be  used  as  an  input  for  hydrological  models.  SAR's 
value  in  retrieving  soil  moisture  estimates  from  barren  and 
sparsely  vegetated  areas  has  been  shown  by  Dubois  et  al.,  [3] 
and  others.  Typically,  surface  models  that  relate  g^  to  soil 
moisture  are  empirically  derived  for  specific  data  sets.  These 
models  have  difficulty  separating  the  return  due  to  soil 
moisture  from  the  scatter  due  to  surface  roughness  and 
vegetation  multiple  scatter.  If  the  scattering  due  to 
vegetation  could  be  well  characterized,  its  effects  might  be 
accounted  for,  allowing  tor  the  estimation  of  soil  moistuie 
over  vegetated  areas. 

Mo^dels  that  represent  vegetation  as  a  layer  of  discrete 
scattering  elements  have  been  developed  to  characterize  the 
scatter  due  to  vegetation.  Most  of  this  research  has  focused 
on  forested  areas,  but  some  work  has  been  done  tor 
herbaceous  vegetation.  Saatchi  et  al.  [4]  developed  a  model 
for  grass  canopies,  and  Durden  et  al.  [5]  modeled  scatter  tiom 
inundated  rice  fields.  The  model  developed  by  Lang  and 
Sidhu  [6]  was  used  to  study  the  SAR  return  from  a  coastal 
wetland  test  site.  Before  such  a  model  is  fit  to  the  data,  the 
G^  values  are  often  plotted  versus  incidence  angle.  These 
plots  can  be  used  to  fit  the  model  to  the  data,  and  to 
determine  how  well  SAR  is  able  to  separate  different 
environments.  In  this  study,  a  variety  of  methods  were  used 
to  study  the  SAR  response  to  coastal  wetlands,  including 
visual  interpretation,  empirical  surface  modeling,  and  discrete 
scatterer  modeling.  Some  preliminary  observations  from 
each  method  are  discussed. 


SITE  DESCRIPTION 

The  test  site  is  located  on  Bolivar  Peninsula,  Texas, 
shown  in  Fig.  1,  and  consists  of  an  herbaceous  salt  marsh, 
vegetated  upland  flats,  and  an  intermediate  transition  zone, 
shown  in  Fig.  2.  The  SAR  scene  contains  a  typical 
transition  from  a  salt  marsh  to  vegetated  upland  flats.  This 
transition  involves  four  subenvironments:  a  low  salt  marsh 
with  barren  tidal  flats  that  is  flooded  often;  a  low  salt  marsh 
with  nearly  continuous  vegetation  cover  that  is  less 
frequently  flooded;  a  transition  zone  with  occasional  seawater 


flooding;  and  the  vegetated  upland  flats.  The  entire  peninsula 
is  extremely  low  relief  (<4  m),  so  even  small  changes  in 
elevation  can  produce  significant  changes  in  the  soil 
moisture  and  salinity.  The  peninsula  is  a  sandy  barrier  spit 
formed  during  the  last  4,000  years,  primarily  through  spit 
accretion,  and  modified  by  washover  and  tidal  inlet  processes. 

Because  the  uplands  are  higher  in  elevation  and  contain 
sandy  soils,  they  are  well  drained  and  non-saline.  The  tidal- 
flat  low  marsh  contains  muddy  (silt  -r  clay)  soils  with  high 
concentrations  of  organic  material.  It  is  flooded  almost  daily 
with  seawater.  The  continuous-cover  low  marsh  soils  are 
similar  to  those  found  in  the  tidal-flat  low  marsh,  but 
contain  less  organic  material.  The  transition  zone 
corresponds  to  the  mean  high  water  mark.  Because  of 
evaporation  between  seawater  inundations,  this  area  is 
extremely  saline. 

These  variations  in  ground  conditions  give  rise  to 
variations  in  the  vegetation  cover.  In  the  tidal-flat  low 
marsh,  tall  grasses  grow  to  heights  of  2  m  [7].  These 
grasses  often  occur  in  small  groups  intermixed  with  the 
barren  tidal  flats.  The  continuous-cover  low  marsh  also 
contains  tall  grasses  (<  1.5  m),  but  the  plants  are  more 
consolidated  creating  a  more  uniform  cover.  Due  to  the  high 
saline  concentration  in  the  transition  zone,  that  area  contains 
many  barren  salt  flats,  and  supports  mainly  small  succulent 
plants.  The  uplands  have  a  drier,  rougher  surface,  and 
support  short  (<  0.5  m)  range  grasses. 

The  variations  in  vegetation  ,  soil  type,  soil  moisture, 
and  soil  salinity  all  involve  variations  in  electrical  and 
geometric  properties  to  which  SAR  is  sensitive.  It  was 
therefore  expected  that  SAR  would  be  useful  for  mapping 
herbaceous  wetlands. 


ANALYSIS 

Initial  analysis  of  the  SAR  images  consisted  of  visual 
interpretation.  C-band  showed  subtle  variations  in 
vegetation,  but  was  so  strongly  scattered  by  all  vegetation 
that  the  subenvironments  were  not  well  delineated.  The 
longer  wavelength  L-  and  P-band  separated  the  four 
subenvironments  very  well. 

Because  of  the  extremely  low  relief,  local  slope  changes 
were  assumed  to  be  unimportant  in  the  a®  return.  Several 
indices  were  examined  to  qualitatively  determine  the 
relative  importance  of  surface  scatter  and  vegetation  multiple 
scatter  in  the  four  subenvironments.  The  "canopy  structure 
index"  (csi)  [2]  was  used  as  a  measure  of  the  vertical  co¬ 
polarized  return  relative  to  the  sum  of  the  vertical  and 
horizontal  co-polarized  returns.  The  csi  reveals  variations  in 
the  predominant  orientation  of  vegetation  structure.  Because 
attenuation  of  a^vv  can  be  much  greater  than  attenuation  of 
^^hh  at  P-band  [8],  the  csi  was  also  expected  to  reveal 
attenuation  due  to  vegetation.  As  expected,  the  P-band  csi 
image  showed  that  most  attenuation  occurred  in  the  dense 
vegetation  of  the  continuous-cover  low  marsh.  The  tidal-flat 
low  marsh  produced  less  attenuation  due  to  the  lack  of 
continuous  vegetation  cover.  The  transition  zone  showed  the 
least  attenuation. 


A  "volume  scattering  index"  (vsi)  was  adapted  from  [2] 
and  used  as  a  measure  of  the  depolarization  relative  to  the 
sum  of  the  co-polarized  and  cross-polarized  returns.  At  L- 
band,  the  uplands  exhibited  the  most  volume  scattering, 
while  the  continuous-cover  low  marsh  exhibited  the  most 
volume  scattering  at  P-band.  It  was  therefore  concluded  that 
P-band  was  achieving  some  penetration  of  the  upland 
vegetation.  From  the  qualitative  analysis  of  these  indices,  it 
appeared  that  there  were  scattering  contributions  from  both 
the  surface  and  vegetation  in  the  uplands,  the  return  from  the 
transition  zone  was  almost  entirely  due  to  surface  scatter,  the 
continuous-cover  low  marsh  returns  were  mostly  due  to 
strong  vegetation  scatter,  and  the  weaker  returns  from  the 
tidal-flat  low  marsh  were  due  to  specular  reflection  off  of  the 
water  surface. 

In  an  effort  to  retrieve  soil  moisture  estimates,  empirical 
surface  models  were  studied.  Before  any  of  these  models 
could  be  applied,  it  was  necessary  to  assess  how  the  presence 
of  the  vegetation  cover  would  affect  the  soil  moisture 
estimates.  The  criterion  developed  in  [3]  was  used  to 
deteiTnine  whether  the  vegetation  cover  over  the  test  site  was 
thick  enough  to  reduce  the  accuracy  of  such  models.  That 
criterion  consisted  of  the  ratio  a%y  /  a^vv  at  L-band.  If 
this  ratio  is  greater  than  -11  dB,  the  model  is  not 
recommended  for  estimating  soil  moisture.  This  criterion 
was  exceeded  over  most  of  the  Bolivar  SAR  image. 
Empirical  surface  models  were  therefore  abandoned  in  favor 
of  discrete  scattering  models. 

In  addition  to  the  techniques  mentioned  above,  data 
were  sampled  from  the  four  subenvironments  and  plotted 
versus  radar  incidence  angle.  Fig.  3  shows  one  such  plot  for 
L-band.  These  plots  clearly  demonstrated  polarimetric  SAR's 
ability  to  separate  the  subenvironments  and  its  potential  for 
herbaceous  wetland  mapping.  Strong  G%h.  <^tie  mostly  to 
vegetation  multiple  scatter  at  L-band,  occurs  in  the  uplands. 

A  marked  decrease  in  G^hh  over  the  transition  zone  is  due  to 
that  region's  lack  of  vegetation  and  extremely  smooth 
surface.  The  continuous-cover  low  marsh  possesses  strong 
c^^hh  due  to  vegetation  scatter.  The  decrease  in  G^hh  over 
the  tidal-flat  low  marsh  is  due  to  specular  reflection  off  of  the 
water  surface  and  is  evidence  of  inundation.  Using  all 
available  bands  and  polarizations  should  provide  ample 
discriminators  for  the  classification  of  these 
subenvironments. 

The  discrete  scatterer  model  developed  by  Lang  and 
Sidhu  [6]  was  fitted  to  these  data  to  gain  insight  into  the 
scattering  mechanisms  in  each  subenvironment.  The  model 
represents  the  vegetation  cover  as  a  layer  of  discrete 
scattering  elements  over  a  flat  half  space.  The  lower  half 
space  was  assumed  to  be  saline  water  for  the  inundated  tidal - 
flat  low  marsh  [5],  and  soil  for  the  other  subenvironments. 

A  soil  dielectric  mixing  model  adapted  from  [9]  was  used  to 
compute  the  soil  dielectric  constant.  The  total  g^  is 
computed  as  the  sum  of  the  g^  due  to  (i)  direct  scatter  from 
the  vegetation,  (ii)  scatter  from  a  single-reflection 
ground/vegetation  interaction,  and  (iii)  scatter  from  a  double¬ 
reflection  ground/vegetation  interaction.  Preliminary 
attempts  to  fit  the  scattering  model  to  the  data  have  been 
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successful,  but  are  difficult  to  interpret  because  there  are 
insufficient  ground  data  to  properly  constrain  the  model. 
Additional  ground  truth  will  be  collected  so  that  the  model 
may  be  quantitatively  applied  to  the  data. 


[9]  Ulaby,  F.  T.,  A.  K.  Moore,  A.  K.  Fung,  Microwave 
Remote  Sensing.  Active  and  Passive,  vol.  3,  Artech 
House,  pp.  2086-2103,  1986. 


SUMMARY  AND  FUTURE  WORK 

It  is  clear  that  polarimetric  multiband  SAR  has  potential 
for  mapping  the  major  subenvironments  associated  with 
coastal  herbaceous  wetlands.  A  discrete  scatterer  model  can 
be  fitted  to  the  data  to  gain  insight  into  the  scattering 
mechanisms  that  occur. 

Additional  ground  data,  such  as  soil  and  plant  dielectric 
constants,  will  be  collected  to  constrain  the  scattering  model. 
Also,  the  effects  of  direct  surface  scattering  will  be  included 
in  the  model  to  account  for  sparsely  vegetated  areas. 
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Fig.  1 :  Study  area. 


Fig.  2;  L-band  image  of  test  site  with  subenvironments 
labeled  as  (A)  vegetated  upland  flats,  (B)  transition  zone,  (C) 
continuous-cover  low  marsh,  and  (D)  tidal-flat  low  marsh. 
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Rain  Pattern  Detection  by  means  of  Packet  Wavelets 
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Abstract  -  The  recent  advances  in  microwave  telecom¬ 
munications  and  the  need  for  more  precise  weather  fore¬ 
casting  systems  are  two  of  the  many  fields  where  is  ex¬ 
tremely  important  to  be  able  to  analyze  quickly,  precisely 
and,  possibly,  in  a  fully  or  partially  automatic  way,  the 
data  obtained  by  systems  like  metereological  radars.  In 
this  work  it  is  presented  a  wavelet  packet  based  algorithm, 
combined  with  a  C-means  classifier,  for  rain  patterns  de¬ 
tection  and  tracking  from  this  data.  The  use  of  this  kind 
of  classification  chain  is  motivated  by  the  high  efficiency 
and  low  computational  load  of  the  wavelet  transform  algo¬ 
rithm  and  by  the  observation  that  a  large  class  of  natural 
textures  can  be  modeled  as  quasi-periodic  signal,  whose 
dominant  frequencies  are  located  in  the  middle  frequency 
channels,  easily  provided  by  this  transform. 

The  chain  was  applied  to  a  radar  data  sequence  of  a 
rain  event  on  Northern  Italy,  interesting  interpretation  of 
the  dynamics  of  storm  structures  at  different  meso-scales. 

1.  INTRODUCTION 

Communication  systems  working  in  the  microwave  fre¬ 
quency  domain  above  10  GHz  are  now  widely  spread,  and 
there  is  therefore  an  increasing  need  for  very  detailed  in¬ 
vestigations  on  the  propagation  characteristics  of  the  at¬ 
mosphere  [1].  In  particular,  great  interest  is  shown  for  the 
information  on  the  spatial  and  temporal  organization  of 
precipitation  patterns. 

A  very  useful  method  to  obtain  these  information  is  by 
means  of  weather-radars,  that  supply  an  estimation  of  the 
rain  intensity  for  sufficiently  wide  geographic  regions  to 
consider  large  scale  rain  structures,  but  with  a  fine  space 
resolution  [2]- [3].  These  data  allow  the  study,  within  a 
coarse-to-fine  strategy,  of  the  spatial  structure  of  precip¬ 
itation.  However,  the  raw  records  of  radar  reflectivities 
need  a  complex  processing  procedure  to  provide  to  the 
final  user  the  information  on  the  spatial/ temp  oral  char¬ 
acteristics  of  rain  events.  To  achieve  this  goal,  a  system 
able  to  track  the  spatial  evolution  of  rain  patterns  has  to 
be  determined,  and  this  system  must  be  able  to  tackle  a 
number  of  problems.  The  tracking  process  is  not,  in  fact, 
an  easy  task,  even  if  performed  by  a  human  observer  in 
real  time:  the  temporal  evolution  of  the  rain  events  results 
from  complex  processes,  organized  at  different  space-time 


scales.  Each  scale,  ranging  from  the  synoptic  external 
scale  of  frontal  systems  to  the  meso-gamma  scale  of  con¬ 
vective  cells,  displays  its  own  dynamic,  which  is  some¬ 
times  coupled  with  the  others,  sometimes  not.  Thus  the 
patterns  to  be  tracked  change  continuously  their  shape 
while  moving  [5]. 

We  propose  a  chain  based  on  a  wavelet  representation 
of  the  rain  data,  on  which  a  classification  is  performed 
in  order  to  extract  the  textured  rain  patterns  at  different 
scales.  A  single  image,  representing  the  rain  intensity  in 
the  environment  around  the  radar,  is  preprocessed  by  a 
wavelet  packet  algorithm  and  divided  in  subimages,  dif¬ 
ferent  representations  of  the  same  scene:  the  use  of  this 
transform  is  motivated  by  the  observation  that  a  large 
class  of  natural  textures  can  be  modeled  as  quasi-periodic 
signal,  whose  dominant  frequencies  are  located  in  the  mid¬ 
dle  frequency  channels.  The  subband  images  are  then 
processed  by  an  envelope  signal  estimationto  provide  a 
method  for  features  extraction:  different  textures  have 
different  “energy”  in  the  detail  subband  related  to  the 
magnitude  of  oscillation  of  wavelet  coefficients  in  each  sub¬ 
band.  The  image  can  be  finally  seen  as  a  multiband  repre¬ 
sentation  of  the  same  scene  and  thus  resolved  as  a  multi¬ 
dimensional  data  clustering  problem,  and  a  C-means  al¬ 
gorithm  is  applied  to  the  image  to  achieve  an  efficient 
segmentation  of  the  different  rain  patterns. 

2.  THE  PACKET  WAVELET  TRANSFORM 

The  general  structure  and  computational  framework  of 
the  discrete  wavelet  transform  (DWT)  are  similar  to  those 
found  in  subband  coding  system,  but  wavelet  filters  are 
required  to  be  regular.  In  this  study,  we  consider  the 
discrete  wavelet  packet  transform  (DWPT),  which  corre¬ 
sponds  to  a  general  tree-structured  filter  bank. 

Wavelet  transforms  are  entirely  specified  in  terms  of  a 
prototype  filter  h  that  satisfies  the  standard  quadrature 
mirror  filter  condition: 

H{z)H{z  -  1)  +  H(z)H{-z  -  1)  =  1  (1) 

where  H{z)  denotes  the  z-transform  of  h.  The  filter  h  is 
also  required  to  satisfy  the  lowpass  constraint:  H{z) = 
1.  A  complementary  high  pass  filter  is  obtained  by  shift 
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Figure  2:  The  two  different  meso-scale  rain  patterns  detected  from  the  images  of  fig.  1. 


and  modulation: 

Giz)  =  zH{-z-l)  (2) 

These  prototypes  are  then  used  to  generate,  in  an  iter¬ 
ative  fashion  (initial  condition  Ho{z)  =  1),  a  sequence  of 
filters  of  increasing  width  (indexed  by  i): 

Gi+iiz)  =  G{z^^)Hi{z)  =  (3) 

The  pyramidal  structure  of  the  DWF  decomposes  a  sig¬ 
nal  into  a  set  of  different  frequency  channels  that  have  nar¬ 
rower  bandwidths  in  the  lower  frequency  region.  The  ap¬ 
plication  of  a  simple  DWF  to  a  texture  is  completely  useful 
for  segmentation  because  a  large  class  of  natural  textures 
can  be  modeled  as  quasi-periodic  signal,  whose  dominant 
frequencies  are  located  in  the  middle  frequencies  channels. 
Therefore,  the  concept  of  DWF  must  be  generalized  us¬ 
ing  a  library  of  modulated  waveform  orthonormal  basis 
called  wavelet  packets.  The  filtering  is  recursively  applied 
to  both  the  low  frequency  and  high  frequency  components 
creating  a  binary  tree.  The  2-D  wavelet  can  be  seen  by 
a  tensor  product  of  two  1-D  wavelet  basis  function  along 
the  horizontal  and  vertical  directions,  the  corresponding 
coefficients  can  be  expressed  as 

hLL(^j  0  ”  h{k)h{l)  hLH{k,  1)  =  h{k)g{i) 


0  —  9{k)h{l)  0  —  9{^)9i^)  (4) 

where  the  first  and  second  subscript  denote  the  lowpass 
and  highpass  filtering  in  the  x-  and  y-  directions. 

3.  THE  WAVELET  CLASSIFICATION  CHAIN 

Exploiting  the  concept  shown  in  the  preceding  section, 
a  wavelet  classification  chain  has  been  implemented,  fol¬ 
lowed  by  a  standard  procedure  able  to  measure,  according 
to  different  methods,  the  velocities  of  the  different  rain 
patterns.  The  aim  is  to  extract  automatically  how  differ¬ 
ent  rain  patterns  evolve  during  the  recorded  rain  event. 
This  wavelet-based  method  can  be  summarized  in  the  fol¬ 
lowing  steps  (for  a  more  detailed  description,  refer  to  [7]): 

1.  First  of  all,  a  2-D  Battle- Lemarie  packet  wavelet  trans¬ 
form  is  applied  to  each  original  radar  image.  By 
means  of  this  operation,  the  components  of  the  rain 
patterns  at  the  different  spatial  and  frequency  scales 
are  subdivided.  This  result  allows  to  discard  infor¬ 
mation  related  to  high  spatial  frequencies,  that  in¬ 
dividuate  very  short-term  phenomena  of  little  or  no 
interest  for  our  investigation.  In  particular,  we  dis¬ 
card  all  the  data  about  very  little  rain  cells,  usually 
with  life  too  short  to  be  trackable  within  the  frame 
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temporal  frequency  (an  image  each  15  min.)  of  our 
radar  data. 

2.  Each  of  the  chosen  packet  wavelet  subimages  is  mod¬ 
ified  by  an  envelope  estimation  algorithm  (EEA).  It 
can  be  used  a  simple  zero-crossing  algorithm,  where 
the  maximum  value  between  two  adjacent  zero-crossings 
is  found  and  assigned  to  all  points  within  the  inter¬ 
val.  The  EEA  is  applied  row- wise  or  column- wise 
depending  to  the  wavelet-bank  filter  that  originated 
each  subimage. 

3.  The  gray  value  of  the  subimages  is  normalized.  This 
is  done  because  the  variance  of  the  gray  level  can  vary 
a  lot  from  subimage  to  subimage.  Remember  that 
the  result  of  the  wavelet  transform  are  coefficient  and 
not  gray  level  value,  so  they  can  have  a  range  quite 
different  from  the  usual  8-bit  image  coding. 

4.  The  subimages  can  be  considered  as  a  multiband  im¬ 
age  of  the  same  region  and  a  clustering  algorithm  (the 
classical  C-means  or  the  more  recent  Fuzzy-C-means 

[6])  is  applied  to  the  wavelet  coefficients  obtained  in 
the  preceding  steps. 

The  output  of  such  a  classification  algorithm  are,  for 
each  frame,  the  rain  patterns  associated  to  different  val¬ 
ues  of  the  “energy”  represented  by  the  wavelet  coefficients. 
The  intensity  of  the  rainfall  field  is  derived  from  the  re¬ 
flectivity  of  a  C-band  Doppler  Radar  operating  at  the  5.5 
cm  wavelength.  Reflectivity  was  converted  into  rainfall 
rate  using  the  Marshall-Palmer  formula,  which  was  ver¬ 
ified  to  be  accurate  in  the  event  investigated.  In  fig.  1 
three  frames  of  a  radar  sequence  are  shown,  that  refer  to 
the  rain  event  that  occurred  on  4  October  1992  and  that 
was  examined  in  this  study.  It  represents  an  episode  of 
cyclogenesis  in  the  lee  of  the  Alps,  whose  occurrence  is 
rather  frequent  in  the  Gulf  of  Genova.  A  deep  and  sta¬ 
tionary  low  developed  for  more  than  five  days,  reaching  a 
minimum  of  989  hPa  at  6.00  GMT  of  4  October  1992.  The 
convergence  over  the  Italian  Peninsula  of  southerly  winds, 
carrying  warm  and  moist  air,  with  cold  and  dry  air  masses 
flowing  over  the  Rodano  Valley,  in  France,  caused  per¬ 
sistent  precipitation  over  the  Po  Valley.  Vertical  sound¬ 
ings  recorded  over  the  meteorological  stations  of  Milano 
Linate,  Udine  and  S.  Pietro  Capofiume,  close  to  Bologna, 
showed  that  warm  advection  occurred  in  the  lower  levels. 
The  vertical  wind  profile  recorded  at  S.  Pietro  Capofiume 
at  11.00  GMT  of  4  October  reveals  the  0®C  isotherms  to 
be  located  at  the  720  hPa  level,  at  a  height  of  about  2700 
m  a.s.l.,  where  a  bright  band  is  detected  by  the  radar. 
Several  rainbands  were  observed  in  the  structure  of  the 
cyclone,  during  its  occluded  stage  of  development.  A  large 
scale  synoptic  motion  was  detected  from  the  geostationary® 
METEOSAT  satellite  pictures  and  from  the  movement 


of  the  0-isoallobaric  contour  line.  A  small  scale  motion 
of  cell  clusters  was  recognized  to  be  consistent  with  the 
700  hPa  wind  speed  vector,  which  is  directed  toward  N- 
NW,  a  dilferent  direction  respect  to  the  large-scale  one. 
This  de-coupled  dynamic  was  recognized  in  the  field  after 
its  wavelet  decomposition  into  the  small-  and  large-scale 
structures  (see  also  [8]). 

In  fact,  after  classification,  further  operations  are  per¬ 
formed  on  the  data  to  extract  information  on  the  be¬ 
haviours  of  the  rain  patterns  at  the  different  meso-scales. 
In  particular,  since  we  are  interested  in  their  movement 
and  life,  a  first  operation  is  to  detect  their  velocities  by 
lag-correlation  or  by  means  of  an  advettive  model  with  a 
single  velocity  or  with  more  components.  The  velocities  of 
the  two  patterns  along  the  sequence  of  fig.  2  are  obtained 
as  de-coupled,  as  can  be  easily  verified  in  the  frames. 

REFERENCES 

[1]  CCIR:  “Radiometereological  Data”,  Doc.  5/5049-E, 
Ref.  5/423. 

[2]  A.  Pawlina,  “Rain  patterns  motion  over  a  region 
deduced  from  radar  measurement,”  Alia  Frequenza^ 
Vol.  LV  (2),  pp.  99-103,  1987. 

[3]  A.  Pawlina,  “Radar  rain  patterns:  automatic  ex¬ 
traction,  collection  and  description  for  modeling  pur¬ 
poses,”  Alia  Frequenza,  Vol.  LVI  (1-2),  pp.  153-159, 
1987. 

[4]  P.V.  Hobbs,  “Organization  and  structure  of  clouds 
and  precipitation  on  the  mesoscale  and  microscale 
in  cyclonic  storms,”  Rev,  of  Geophysics  and  Space 
Physics,  Vol.  16  (4),  pp.  741-755,  1978. 

[5]  P.  Kumar  and  E.  Foufoula-Georgiou,  “Fourier  do¬ 
main  shape  analysis  methods:  a  brief  overview  and 
an  illustrative  application  to  rainfall  area  evolution,” 
Water  Resour.  Res.,  Vol.  26  (9),  pp.  2219-2227,  1990, 

[6]  I.  Gitman  and  M.D.  Levine,  “A  fuzzy  relative  of  the 
ISODATA  process  and  its  use  in  detecting  compact 
well-separated  clusters”,  Journ.  Cybernetics,  1973. 

[7]  A.  Marazzi,  A.  Mecocci,  P.  Gamba,  M.  Barni,  “Tex¬ 
ture  segmentation  in  remote  sensing  images  by  means 
of  packet  wavelets  and  fuzzy  clustering,”  European 
Symposium,  on  Satellite  Remote  Sensing  II,  Paris, 
25-29  Sept.  1995. 

[8]  R.  Ranzi,  “The  wavelet  transform  as  a  new  tech¬ 
nique  for  analysing  spatial  scales  in  rainfall  fieldsg,” 
Proc.  Ini.  Conference  on  “Atmospheric  Physics  and 
Dynamics  in  the  Analysis  and  Prognosis  of  Precipi¬ 
tation  Fields’",  Rome,  15-18  November  pp.  211-214, 
1994. 


268 


The  Development  of  the  SeaWinds  Scatterometer  Electronics  Subsystem  (SES) 


B.D.  ROLLER,  R.D.  CROWLEY,  M.  C.  SMITH,  R.S.  ROEDER 
E-Systems,  Inc.,  ECI  Division,  P.O.  Box  12448,  Mail  Stop  56,  St.  Petersburg,  FL,  USA  33733-2248 

wdba@qmgate.eci-esys.com,rdca@qmgate.eci-esys.com,mcsb@qmgate.eci-esys.com,rsra@qmgate.eci-esys.com 

SCATTEROMETER  DESIGN 


Abstract  -  SeaWinds  is  a  new  spaceborne  Ku-band 
scatterometer  designed  to  accurately  measure  the 
amplitude  backscatter  return  from  the  ocean  and  process 
the  data  to  obtain  global  ocean  surface  wind  vectors.  The 
scatterometer  is  a  pulsed  13.402  GHz  dual  polarization 
radar  with  a  conical  scan,  pencil  beam  antenna.  This 
paper  provides  a  brief  overview  of  the  instrument  and 
describes  the  major  microwave  and  digital  modules  in  the 
Scatterometer  Electronics  Subsystem  (SES).  The  SES 
generates  precise  frequencies  that  drive  the  transmitter 
and  synchronize  the  receiver.  The  received  ocean 
backscatter  signals  are  processed  and  measured  to  a 
precision  of  0.15  dB  in  order  to  derive  accurate  wind 
vector  data. 

INTRODUCTION 

SeaWinds  is  a  next  generation  spaceborne  Ku-band  radar 
(scatterometer)  designed  to  accurately  measure  wind  vectors 
over  the  earth's  global  oceans.  The  instrument  will  provide 
long-term  data  measured  through  all  weather  conditions  for 
studies  of  ocean  circulation,  air-sea  interaction  and  weather 
forecasting.  E-Systems  under  contract  to  NASA/JPL  is 
developing  the  SeaWinds  Scatterometer  Electronics 
Subsystem  (SES)  which  is  the  heart  of  a  new  radar  approach. 
The  radar  along  with  other  instruments  will  fly  on  the 
Japanese  Advanced  Earth  Observing  Satellite  (ADEOS-II) 
illustrated  in  figure  1.  The  SeaWinds  program  is  a  continuing 
cooperative  effort  between  the  U.S.  and  Japan  to  monitor  and 
evaluate  global  ocean  changes. 

SYSTEM  CHARACTERISTICS 

SeaWinds  will  orbit  the  earth  at  an  altitude  of  800  Km  and 
scan  a  continuous  swath  width  of  1800  Km.  Over  90%  of  the 
global  oceans  will  be  measured  every  2  days.  The 
scatterometer  precisely  measures  the  pulse-by-pulse 
backscatter  return  from  the  oceans  and  telemeters  the  data  to 
ground  stations.  The  processed  wind  speed  will  be  accurate  to 
2  m/sec  over  a  range  of  3  to  30  m/sec  and  wind  direction  will 
be  accurate  to  20°  over  360“. 

A  comparison  of  SeaWinds  vs.  preceding  satellite 
scatterometers  is  shown  in  figure  2,  Various  designs  have 
been  used,  but  all  preceding  systems  have  required  large  fan 
beam  antennas.  The  SeaWinds  scanning  pencil-beam 
approach  provides  many  advantages  over  the  previous 
systems  including;  higher  radar  backscatter  measurement 
accuracy,  continuous  wider  swath  ocean  coverage  without 
"nadir  gaps",  and  fixed  incidence  angle  measurement  with 
reduced  size. 
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SeaWinds  has  three  major  subassemblies  as  shown  in  the 
system  block  diagram  in  figure  3,  the  SeaWinds  Antenna 
Subsystem  (SAS),  the  Electronics  Subsystem  (SES),  and  the 
Command  and  Data  Subsystem  (CDS).  The  conical  scan 
pattern  is  illustrated  in  figure  4.  The  SAS  is  a  1  meter 
parabolic  antenna  that  scans  at  18  rpm  providing  multiple 
azimuth  angle  looks  at  the  ocean.  Dual  offset  feeds  provide 
measurement  with  vertical  polarization  at  a  46“  elevation 
angle  and  horizontal  polarization  at  a  40“  elevation  angle. 

Figure  5  is  a  block  diagram  of  the  SES.  The  scatterometer 
controller/processor  (SCP)  provides  multiple  functions 
consisting  of;  communication  with  the  CDS,  processing  of 
operating  commands,  timing  and  control  of  the  SES,  A/D 
conversion,  power  measurement  of  the  backscatter  signal, 
and  collection  of  engineering  telemetry  that  describes  the 
operating  state  and  health  of  ^^e  SES.  A  synthesizer/exciter 
with  integral  STALO  generates  precise  frequencies  for  the 
RE  drive  to  a  Traveling  Wave  Tube  Amplifier  (TWTA),  the 
local  oscillator  signals  for  the  receiver  and  all  other 
synchronization  signals.  The  T/R  module,  besides  being  a 
T/R  circulator,  contains  RF  switches  for  redundant  TWTA 
and  receiver  selection,  antenna  beam  selection,  receiver 
protection  and  in-flight  loop-back  scatterometer  calibration. 
The  receiver  section  downconverts  the  RF  echo  through  two 
downconverters  and  provides  baseband  I  and  Q  signals  to  the 
SCP.  The  SCP  then  provides  a  precise  power  measurement  of 
the  backscatter  signal. 

Figure  6  shows  the  packaging  of  the  SES  as  it  will  be 
mounted  on  the  ADEOS  satellite.  The  electronics  are  fully 
redundant  except  for  the  T/R  module.  Louvers  are  mounted 
on  the  SES  to  provide  proper  thermal  control  throughout  the 
orbit. 

The  characteristics  of  the  scatterometer  are  given  in  figure  7. 
The  system  operates  at  13.402  GHz  with  a  nominal  peak 
power  of  110  watts.  The  pulse  width,  PRI  and  receive  gate 
timing  are  commandable  from  the  ground  over  a  wide  range 
of  steps.  Variations  on  selection  of  the  pulse  width,  PRI  and 
receive  gate  timing  accommodate  changes  in  slant  range  over 
the  satellite  orbit,  Doppler  corrections  of  ±600  kHz  are  made 
through  commands  to  the  transmitter  tuning.  These  are 
required  as  a  function  of  the  antenna  azimuth  scan  angle. 

The  receiver  accepts  a  wide  dynamic  range  of  backscatter 
power  level  and  provides  quadrature  I  &  Q  signals  to  the 
SCP.  The  SCP  processes  the  backscatter  signal  and  receiver 
noise  signals  and  provides  a  measurement  of  the  received 
echo  to  a  precision  of  0.15  dB. 
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SES  MODULE  DESIGN 

The  Transmit  Receive  Switch  (TRS)  is  a  design  based  on 
previous  proven  flight  hardware.  Brazed  aluminum 
waveguide  construction  is  used  to  minimize  weight  and 
ferrite  latching  switch  assemblies  are  used  for  both  isolation, 
beam  select  and  redundancy  switching.  The  TRS  contains 
preselect  and  harmonic  filters.  The  TRS  integrates  the  direct 
measurement  of  PtGr  using  the  loopback  technique. 
Loopback  is  achieved  through  a  high  attenuation  coupler 
which  incorporates  two  50  dB  precision  cross-guide  couplers 
connected  with  a  short  piece  of  waveguide.  Thermistor 
monitoring  of  calibration  path  couplers,  receive  protect 
switches  and  beam  select  switch  are  provided  to  enhance 
calibration  accuracy. 

Three  RF  modules  the  Receiver,  Synthesizer  and  Exciter 
provide  dual-redundant  electronics,  with  only  one  side  being 
powered  on  at  a  time.  All  modules  are  post  regulated, 
possess  post  EMI  filtering  and  all  microwave/RF  assemblies 
are  in  sealed  enclosures  to  minimize  EMI  leakage/radiation. 
Direct  access  ports  are  provided  throughout  the  SES  to 
provide  diagnostics  to  the  Support  Equipment  (SE)  suite. 
The  majority  of  microwave  design  realization  techniques  are 
microstrip  on  0.025”  thick  alumina  substrates  with  thin  film 
resistors(TaN)  resistors.  The  alumina  is  then  reflowed 
soldered  on  gold  plated  kovar  carriers.  All  microwave  filters 
are  integral  to  each  assembly  using  a  proprietary  technique 
that  enhances  combline  filter  performance.  Miniature  blind 
mate  connectors  and  multilayer  boards  are  also  used  to  reduce 
packaging  density.  These  packaging  techniques  are 
indicative  of  typical  spaceborne  hardware  built  by  E-Systems 
with  a  typical  microwave  assembly  shown  in  figure  9. 

The  receiver  provides  low-noise  amplification,  bandpass 
filtering  and  double  do wncon version,  and  gain  adjustment. 
The  backscatter  signal  is  downconverted  to  baseband,  i.e. 
"video"  band,  centered  about  an  intermediate  frequency(IF) 
of  0  Hz.  The  resultant  noise  like  signal  spectrum  is  presented 
in  two  output  channels,  in-phase  (I)  and  quadrature  (Q)  for 
processing.  The  receiver  operates  in  two  states  wind 
observation  mode  and  calibrate  mode.  In  calibrate  mode, 
receive  gain  is  reduced  to  handle  strong  signals  coupled  in 
from  the  transmitter.  All  stages  are  >18  dB  below  the  1  dB 
compression  point  during  wind  observation  mode. 

The  synthesizer  module  in  figure  10,  accepts  a  phased 
locked  775  MHz  LO  from  the  exciter  that  facilitates 
conversion  to  clock  a  Direct  Digital  Synthesizer  for  transmit 
IF  signal  spreading  modulation,  on-off  keying,  and  Doppler 
compensation  tuning.  It  also  provides  the  transmitter  and 
receiver  local  (2nd  LO)  synthesis. 

The  Exciter  module  provides  the  necessary  13.402  GHz 
output  to  the  TWTAs,  which  are  shown  in  figure  11* 
through  one  hybrid  cross-strap  network  that  monitors  drive 
power.  Other  functions  include  phase  coherent  reference 


frequency  synthesis,  stable  local  oscillator  (STALO) 
reference  frequency  generation,  transmit  intermediate- 
frequency  (IF)  signal  upconversion/filtering  and 
amplification  and  RF  drive  disabling  during  the  receive 
portion  of  the  transmit  pulse  repetition  interval. 

The  I  and  Q  outputs  from  the  Receiver  are  processed  by  the 
Detector  card,  which  is  part  of  the  SCP,  shown  in  figure  12, . 
The  Detector  card  provides  analog  anti-alias  filtering  and 
buffering  before  the  signal  is  sampled.  Samples  are  taken  over 
a  variable  receive  gate  time.  The  samples  in  each  channel  are 
then  processed  by  a  narrow  band  (40  KHz)  Echo  filter  and  a 
wide  band  (500  KHz)  Noise  filter.  The  Echo  filter  is 
implemented  as  a  two-stage  decimated  finite  impulse 
response  (FIR)  filter.  The  first  8-tap  filter  stage  has  a 
bandwidth  (BW)  of  400  KHz,  with  the  output  decimated  by 
four.  The  second  30-tap  filter  stage  has  a  bandwidth  of  40 
KHz,  with  the  output  decimated  by  two.  The  Noise  filter  is 
implemented  as  a  5-tap  filter.  The  I  and  Q  outputs  of  each 
filter  are  squared  and  accumulated  over  the  receive  gate 
interval.  The  accumulated  energy  value  is  converted  into  a 
pseudo-floating  point  number  to  reduce  telemetry  bandwidth 
and  sent  to  the  Processor  card  in  the  SCP  for  insertion  into  the 
return  science  data  stream  sent  to  the  CDS  each  PRF. 

The  Processor  card  in  the  SCP  module  performs  the 
interfacing  and  timing  functions  for  the  SES.  The  SES  does 
not  transmit,  receive,  or  process  telemetry  data  unless  it  is 
commanded  to  so  by  the  CDS.  There  is  a  serial  bi¬ 
directional  interface  between  the  CDS  and  SES  that  is 
implemented  on  the  Processor  card.  The  Processor  card 
receives  the  stable  local  oscillator  (STALO),  and  uses  divided 
versions  of  this  signal  to  provide  all  the  timing  for  the  SES, 
including  transmit  and  receive  RADAR  timing.  Much  of  the 
telemetry  generated  by  the  SES  is  input  to  the  Processor  card, 
where  analog  and  temperature  signals  are  digitized,  and 
combined  with  digital  telemetry.  The  CDS  can  request  a 
subset  of  the  telemetry  every  PRI  via  the  serial  interface. 

Prior  to  spacecraft  launch,  the  SES  will  be  put  through 
extensive  automatic  test  and  precise  calibration  with  the  SE 
shown  in  figure  12  To  meet  the  wind  vector  accuracies 
discussed  earlier,  the  SE  will  measure  the  SES  total  worst 
case  absolute  PtGr  error  to  <0.53  dB  with  total  worst  case 
repeatability  to  <0.085  dB. 

SUMMARY 

SeaWinds  is  a  new  instrument  being  developed  to  obtain 
continuous  global  wind  vector  measurements  starting  in 
1999.  An  SES  Engineering  Model  and  the  first  set  of  SE 
have  been  delivered  to  JPL.  The  SES  flight  hardware  and  the 
second  set  of  SE  will  be  complete  this  year.  The  equipment  is 
being  designed  to  provide  continuous  mission  operation  for  3 
years.  SeaWinds  will  provide  crucial  ocean  wind  velocity 
measurements  as  part  of  the  NASA/International  Earth 
Observing  System  (EOS). 
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Contributes  to  NASA’s  Mission  to 
Planet  Earth  Program _ 


Figure  1.  SeaWinds  Scatterometer 
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Figure  2.  Comparison  of  Past  and  Current  Scatterometers 
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Figure  4.  SeaWinds  Scan  Pattern 


Figure  3.  System  Block  Diagram 


Figure  5.  Scatterometer  Electronics  Subsystem  (SES) 
Block  Diagram 


271 


TWTA 


I/O  Panel 


1  Iransmitler 

1  •  Frequency 

13.402  GHz  ±0.01  MHz 

• 

Tuning  range 

-  ±  600  kHz  in  2  kHz  steps 

• 

Transmitter  stability 

10.0  X  10-®  short  term 

• 

Output  power 

10  ppm  over  life 

104  watts  min  (EOL) 

• 

Pulse  width  (TLM  CMD) 

0.5  to  2.0  msec  in  0.05  msec  steps 

• 

PRI  range  (TLM  CMD) 

4.7  to  6.0  msec  in  0. 1  msec  steps 

1  Receiver 

1  •  Receive  gate  width  (TLM  CMD) 

0.0  to  2.6  msec  in  0.05  msec  steps 

Receive  gate  delay  (TLM  CMD) 

-  0.0  to  12.75  msec  in  0.05  msec  steps 

System  noise  figure 

4.5  dB 

Power  detection  error 

0.15  dB.  Is 

Gain  adjustment  (TLM  CMD) 

10  dB  range,  ±  0. 1  dB  accuracy 

Echo  filter  BW 

80  kHz 

Noise  filter  BW 

1  MHz 

Figure  6.  SES  Configuration 


Figure  7.  SES  Electrical  Characteristics 


Figure  8.  TRS  Assembly 


Figure  9.  Ku-band  Upconverter 


Figure  10.  Synthesizer  Module 


Figure  1 1 .  TWTA  Assembly 


Figure  13.  SES  Support  Equipment 


Figure  12.  SCP  Module 


272 


Phase  B  and  breadboard  results  for  the  TOPEX  POSEIDON  FOLLOW-ON  mission 
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ABSTRACT 

Pursuing  the  successful  TOPEX  POSEIDON  altimetry 
mission,  activities  for  the  follow-on  program  are  in  progress. 
ALCATEL  ESPACE  completes  the  phase  B  of  the  next 
generation  altimeter  funded  by  the  French  Space  Agency 
(CNES).  The  main  evolution  with  respect  to  the  former 
POSEIDON- 1  rely  upon  the  dual  frequency  (Ku  &  C  bands) 
operation,  and  the  doubled  processed  range  depth  within  the 
same  mass  and  power  budgets.  The  altimeter  design  and 
development  resulting  from  study  and  breadboarding 
activities  are  presented  hereafter  with  regards  to  the  function 
requirements  and  also  the  expected  altimeter  performances. 

1.  INTRODUCTION 

ALCATEL  ESPACE  developped  the  first  solid  state  altimeter 
(POSEIDON- 1)  for  CNES  which  was  integrated  onto  the 
TOPEX-POSEIDON  satellite. 

The  success  of  the  first  experimental  mission  involves  now 
the  operational  one  named:  TOPEX-POSEIDON  FOLLOW 
ON  (TPFO).  The  satellite  will  be  composed  of  the  new  dual 
frequency  altimeter  and  its  antenna,  a  three  band  radiometer 
and  its  antenna,  and  a  DORIS  localization  system,  the  whole 
payload  homed  on  a  small  satellite  (500  kg  class). 

Following  the  phase  A  study,  lead  by  ALCATEL  ESPACE 
[1],  critical  points  was  pointed  out  and  during  phase  B  study, 
breadboarding  activities  have  been  conducted  in  order  to 
validate  the  new  concept  and  design. 

2.  ALTIMETER  MAIN  CHARACTERISTICS 

The  spacebome  radar  altimeter  is  used  to  measure  three 
oceanographic  parameters  of  scientific  interest :  the  height  of 
ocean  surface  with  centimetric  accuracy,  the  significant  wave 
height  (SWH)  and  the  backscattering  coefficient  (Oq)  from 
which  the  wind  speed  at  the  sea  surface  can  be  derived. 

The  major  part  of  the  TPFO  altimeter  characteristics  are 
similar  to  the  POSEIDON- 1  one  as  described  in  table  1. 
However,  significant  evolution  have  been  taken  into  account 
to  improve  the  parameter  estimation  accuracy: 

-  ionospheric  effects  are  compensated  by  combining 
measurements  at  two  different  frequencies  in  Ku  and  C 
band, 

-  antenna  mispointing  estimation  is  computed  on  128  points 
spectmm  compared  to  64  points  on  POSEIDON- 1 . 


Moreover  the  mass  (25  kg)  and  power  consumption  (55  W) 
allocated  are  still  the  same.  The  operational  life  time  has  been 
increased  from  3  to  5  years. 

The  global  performance  is  reached  by  a  link  budget 
requirement  of  SNR  >  10  dB  with  respect  to  a  cTq 
(backscattering  coefficient)  of  8  dB  in  Ku  band  and  a  Oq  of 
12  B  in  C-band. 


Mission 

Life-time 

5  years 

Altitude 

1347  km  ±  15  km 

Inclination 

63° 

General  instrument  reauirements 

PRF 

2100  Hz±  10% 

Pulse  duration 

105.6  ps 

Ku-band 

C-band 

Center  frequency 

13.575  GHz 

5.3  GHz 

Bandwidth 

320  MHz 

320/100  MHz 

Peak  power 

>5W 

>30  W 

Spectrum  analyzer 

128  points 

Real  time  integration 

50  ms 

Table  1:  Mission  and  instrument  characteristics 


3.  GENERAL  INSTRUMENT  ARCHITECTURE 

The  synoptic  of  the  altimeter  instrument,  without  its  antenna, 
is  described  on  figure  2.  This  architecture  is  composed  of  two 
main  subsystems:  the  processing  unit  and  the  RF  unit.  The 
operation  principle  is  based  upon  a  wideband  chirp 
generation  of  about  100  ps  duration,  the  deramp  compression, 
and  the  digital  processor  to  compute  the  real  time  FFT 
operation  and  the  Maximum  Likelihood  Estimation  (MLE) 
algorithm  [1].  The  parameters  estimation  and  the  unprocessed 
waveforms  are  transmitted  to  ground  on  telemetry  at  low  data 
rate. 
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The  scheme  of  6  Ku  band  pulses  and  1  C  band  pulse, 
sequentially  transmitted  at  the  PRF  rhythm,  has  been  chosen 
in  order  to  achieve  the  optimum  performance  in  terms  of 
ionosphere  distortion  estimation  with  minimum  hardware 
duplication. 


PROCESSING  UNIT  RF  UNIT 


Figure  2:  Instrument  block  diagram 

This  dual  frequency  altimeter  design  implies  major 
modifications  from  the  POSEIDON  1  architecture.  The  chirp 
generator  has  to  generate  two  types  of  chirp  band:  100  or 
320  MHz  for  C~band  transmission  and  320  MHz  for  Ku- 
band.  The  new  C-band  front  end  with  an  SSPA  RP  peak 
power  >  30  W  has  to  be  added  without  increasing  the  power 
and  mass  budgets.  At  the  last,  the  receive  chain  including  the 
digital  baseband  demodulator  and  the  spectrum  analyzer  has 
to  process  the  128  points  wide  Brown  echo. 

Therefore,  three  main  developments  have  been  realized  on 
the  following  proposed  breadboards: 

-  digital  chirp  generation 

-  Solid  State  Amplifier  (SSPA)  in  C-band 

-  digital  baseband  demodulation  and  Fast  Fourier 
Transform  ASICs  design. 

4.  BREADBOARD  RESULTS 
Chirp  generator 

It  is  composed  of  a  digital  part  which  computes  the  chirp 
from  memories  in  a  reduced  band:  10  MHz.  The  output  signal 
is  converted  by  a  Digital  to  Analogue  Converter  (DAC)  at  a 
80  MHz  clock  rate,  to  come  into  the  analogue  part  composed 
of  a  phase  locked  loop  enable  to  multiply  the  chirp  phase  by 
32.  A  splitting  circuit  is  used  to  eliminate  the  signal 
distortions  and  to  deliver  the  appropriate  output  signal 
duration. 

The  current  results  are  described  on  table  3. 


Frequency  900  MHz 

Bandwidth  320  MHz 

Chirp  duration  106  ps 

Signal  to  noise  ratio  SNR  30  dB 

Spurious _ 35  dBc 


C-band  SSPA 

The  requirement  of  such  an  amplifier  was  deduced  from  the 
signal  to  noise  ratio  to  reach  for  the  altimeter  link  budget.  An 
output  peak  power  >30  W  is  needed  at  the  antenna  access 
without  disturbing  the  transmitted  signal  and  performing  low 
power  consumption.  The  breadboard  performances  are  shown 
on  table  4. 


Frequency 

5,3 

GHz 

Peak  power 

40 

W 

Gain 

20 

dB 

Amplitude  ripple 

0,2 

dB  in  350  MHz 

Efficiency 

41,1 

% 

Dimension 

52  X 

;  22  mm^ 

Table  4:  C-band  SSPA  performances 


Digital  baseband  demodulation  TDAP)  and  Fast  Fourier 
Transform  ASICs  design 

The  digital  baseband  demodulator  consists  of  a  7,27  MHz 
clock  digital  data  rate  demodulation  in  I  and  Q  channels,  the 
filtering  and  undersampling  operations,  to  obtain  the  near 
1  MHz  bandwidth  signal.  This  first  part  of  the  process  is 
designed  in  one  ASIC  and  takes  about  a  Pulse  Repetition 
Interval  (PRI)  to  compute.  A  second  ASIC  is  needed  for  the 
128  points  FFT  operation  and  takes  a  PRI  to  process.  The 
performances  completed  are  presented  on  table  5. 


DAP:  Filter  characteristics 

Bandwidth 

1,2  MHz 

Rejection  band  at  ±  635  kHz 

40  dB 

Amplitude  ripple 

<0,1  dB  peak  to  peak 

DAP  +  FFT 

Spurious 

-38  dBc 

Noise  level 

-50  dBc 

Overall  computation  time 

1,3  ms 

Table  5:  Digital  baseband  demodulation  and  Fast  Fourier 
Transform  ASICs  simulation  performances 


5.  PERFORMANCES 

Complementary  to  the  breadboarding  activities  a  performance 
altimeter  simulator  has  been  used.  It  alloows  the  breadboard 
measurements  to  be  immediately  analysed  and  the  altimeter 
range  accuracy  to  be  estimated.  The  results  can  be  given 
depending  on  the  wave  height  (SWH),  the  satellite  altitude 
motion,  and  the  mispointing  antenna.  Simplified  on-board 
MLE  algorithm  or  full  process  can  be  compared.  The 
performances  including  the  main  parameters  of  the  phase  B 
study  are  described  on  table  6. 


Wave  height 

2  m 

4  m 

8m 

Altitude 

1,5  cm 

2,1  cm 

3,3  cm 

<  0,05  dB 

<  0,05  dB 

<0,1  dB 

SWH 

5  cm 

8  cm 

10  cm 

Table  3:  Chirp  generator  performances 
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Table  6:  Estimation  of  altimetry  parameter  accuracy 
(including  ionospheric  corrections) 


6.  INSTRUMENT  BUDGET 


The  link  budget  of  the  TPFO  instrument  presents  a  2  dB 
margin  for  both  Ku  and  C  band  signals.  The  power  and  mass 
budget  estimated  is  in  agreement  with  the  small  satellite 
mission  as  discussed  on  table  7. 


SUBSYSTEMS 

MASS 

POWER 

Processing 

10  kg 

SOW 

RF 

13  kg 

SOW 

Harness 

2  kg 

- 

TOTAL 

25  kg 

60  W 

Table  7:  Altimeter  budget 


1.  CONCLUSION 

Thanks  to  the  present  results,  we  can  say  that  the  expected 
performances  can  be  reached.  The  breadboard  results  have 
confirmed  the  necessary  improvements  from  the 
POSEIDON- 1  altimeter,  in  particular  the  choice  of  new 
microwave  and  new  digital  processing  technologies.  The 
small  satellite  requirements  are  achieved  and  the  altimetry 
estimation  performances  are  compatible  with  the  TPFO 
objectives. 

The  overall  payload  phase  B  design  is  successfully  completed 
for  the  incoming  phase  C/D. 
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Abstract  —  This  paper  discusses  examples  on  the  use  of 
polarimetric  SAR  in  a  number  of  Earth  science  studies.  The 
studies  are  presently  being  conducted  by  the  Danish  Center 
for  Remote  Sensing'^’.  A  few  studies  of  the  European  Space 
Agency’s  EMAC  programme  are  also  discussed.  The  Earth 
science  objectives  are  presented,  and  the  potential  of  polari¬ 
metric  SAR  is  discussed  and  illustrated  with  data  collected  by 
the  Danish  airborne  EMISAR*^^  system  during  a  number  of 
experiments  in  1994  and  1995.  The  presentation  will  include 
samples  of  data  acquired  for  the  different  studies. 

1.  INTRODUCTION 

SAR  has  been  considered  a  promising  technology  for 
numerous  applications  for  close  to  20  years.  The  advent  of 
new  and/or  better  sensors,  both  airborne  and  space  borne,  has 
improved  the  feasibility  of  performing  qualitative  studies  on 
the  usefulness  of  SAR  with  respect  to  operational  applica¬ 
tions  and  scientific  studies.  The  strategy  applied  for  these 
studies  is  to  focus  on  few  applications  but  mapping  test  areas 
multiple  times  to  better  understand  temporal  and  environmen¬ 
tal  variations. 

The  Danish  Center  for  Remote  Sensing  (DCRS)  uses  data 
from  multiple  sensors,  but  the  principal  sensor  is  EMISAR 
[1],  which  has  been  developed  by  the  Department  of  Elec¬ 
tromagnetic  Systems  (EMI).  It  is  a  fully  polarimetric  C-  and 
L-band  SAR  covering  a  slant  range  swath  of  9.6  km  in  the 
2x2  m  resolution  mode.  It  is  flown  on  Gulfstream  G-3  air¬ 
craft  of  the  Royal  Danish  Airforce.  These  twin  engine  jet  air¬ 
craft  are  well-suited  for  SAR  campaigns  as  they  are  fast  (420 
kn),  have  a  long  range  (6000  km),  and  typically  operate  at  a 
high  altitude  (41000  ft). 

The  system  has  been  designed  to  exhibit  excellent  stabili¬ 
ty,  and  no  calibration  targets  need  to  be  deployed  in  the  sites 
to  be  mapped  due  to  a  unique  internal  calibration  system  [2]. 
A  calibration  test  site  supporting  fully  polarimetric  calibra¬ 
tion  has  been  established  in  co-operation  with  the  Research 
Centre  Foulum  (RCF),  Denmark.  Usually,  this  site  is  mapped 
on  the  first  and  the  last  day  of  a  mission  in  order  to  check  and 
possibly  correct  the  radiometric  and  polarimetric  calibration 
of  the  data  from  the  entire  mission.  A  performance  evalua¬ 
tion  based  on  the  Foulum  data  is  found  in  [1]. 


The  Danish  Center  for  Remote  Sensing  is  established  and 
funded  by  the  Danish  National  Research  Foundation. 

Development  of  EMISAR  was  sponsored  by  the  Thomas 
Thriges  Foundation,  the  Danish  Technical  Research 
Counsil  (STVF),  the  Royal  Danish  Air  Force  (RDAF),  the 
Technical  University  of  Denmark  and  the  Joint  Research 
Centre  (JRC). 
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DCRS  conducts  research  in  both  remote  sensing  technolo¬ 
gy  and  Earth  science.  Currently  the  latter  includes  seven 
study  areas:  Plant  and  Soil  Mapping,  Remote  Sensing  of 
Landscape  Ecology,  Determination  of  Aerodynamic  Roug- 
ness.  Microwave  Sea  Ice  Signatures,  Geologic  Mapping  in 
Greenland,  Glacier  Dynamics,  and  Sand  Dune  Dynamics. 
The  Earth  sciences  are  being  pursued  in  collaboration  with 
scientists  outside  DCRS. 

Section  2  discusses  the  first  five  Earth  science  studies.  The 
studies  of  Glacier  Dynamics  [3]  and  Sand  Dune  Dynamics 
are  not  discussed  here,  as  they  primarily  rely  on  interferome¬ 
try  and  not  polarimetry.  In  Section  3  EMISAR's  involvement 
in  the  EMAC  campaigns  is  briefly  addressed.  Finally,  the 
potential  of  using  polarimetric  SAR  in  the  Earth  sciences  is 
discussed  in  Section  4. 

2.  DCRS  EARTH  SCIENCE  STUDIES 
Plant  and  Soil  Mapping 

The  objective  is  to  study  the  application  of  SAR  to  moni¬ 
tor  agricultural  crops,  biomass,  and  soil  physics.  Mapping  of 
extent,  type,  and  state  of  agricultural  crops  are  important  for 
yield  prediction  and  agricultural  subsidiary  policy  enforce¬ 
ment.  Soil  moisture  is  an  important  but  not  very  widely 
measured  parameter  in  global  climate  models.  It  is  a  key 
factor  in  modeling  evaporation,  for  calculating  the  capacity 
of  land  surfaces  to  absorb  or  release  greenhouse  gasses,  and 
is  expected  to  be  a  sensitive  indicator  of  global  change. 

RCF  is  the  DCRS  science  partner  for  this  study,  and  the 
test  site  is  the  agricultural  area  surrounding  RCF.  Extensive 
in-situ  measurements  are  conducted  simultaneously  with  the 
acquisition  of  SAR  data.  The  surface  roughness  is  measured 
with  a  2D  scanning  laser  altimeter,  and  the  soil  moisture  is 
measured  using  Time  Domain  Reflectometry  (TDR).  Spec¬ 
tral  reflectance  measurements  in  the  visible  and  near  infrared 
part  of  the  spectrum  are  used  to  monitor  biomass,  leaf-area- 
index,  foliage  distribution,  and  orientation.  These  data  are 
used  in  concert  with  the  polarimetric  EMISAR  data  for 
DCRS's  studies  of  classification  and  decomposition  algo¬ 
rithms  as  well  as  electromagnetic  backscatter  modeling.  The 
polarimetric  classification  work  is  supported  by  crop  maps 
comprising  hundreds  of  fields  in  the  Foulum  area. 

Remote  Sensing  of  Landscape  Ecology 

Habitat  fragmentation  and  deterioration  are  primary  causes 
of  biodiversity  reduction  and  species  loss.  Therefore  it  is 
desirable  to  be  able  to  continuously  monitor  landscape  ecolo¬ 
gy  over  large  areas  in  order  to  detect  natural  and  man-made 
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changes,  and  to  identify  habitat  types,  estimate  habitat  quali¬ 
ty,  and  quantify  landscape  patterns  in  terms  of  for  instance 
patch  size,  adjacency,  and  connectivity.  Since  the  features  to 
be  mapped  are  hedgerows,  ponds,  single  large  trees  etc.,  a 
high  spatial  resolution  is  required.  OCRS  and  the  National 
Environmental  Research  Institute  (NERI)  studies  the  appli¬ 
cability  of  airborne  polarimetric  SAR  in  this  field. 

A  12  by  12  km  test  area  at  Kal0  near  NERI’s  Department 
of  Wildlife  Ecology  is  used  for  the  experiments.  The  ground 
reference  data  include  vegetation  maps  and  maps  of  the 
distribution  of  chosen  species  of  birds  and  mammals. 

Aerodynamic  Roughness 

The  objective  is  to  assess  the  potential  of  measuring  the 
aerodynamic  roughness  of  the  Earth's  surface  with  polari¬ 
metric  SAR  and  to  develop  appropriate  data  processing  tech¬ 
niques.  The  aerodynamic  roughness  influences  the  ability  of 
wind  to  initiate  sand  and  dust  movement,  and  it  is  an 
important  parameter  when  modeling  vertical  transport  of  heat 
and  water  vapour,  since  increasing  roughness  implies 
increasing  turbulence  and  thereby  more  vertical  transport. 

The  experiments  are  conducted  in  the  vicinity  of  Foulum, 
were  the  vertical  wind  profiles  and  turbulence  over  different 
surfaces  are  measured  using  anemometers.  The  wind  data  are 
supplemented  with  soil  moisture  and  biometric  measure¬ 
ments  as  these  parameters  affect  the  SAR  data,  too. 

Microwave  Sea  Ice  Signatures 

This  study  aims  at  establishing  a  basis  for  monitoring  sea 
ice  conditions  using  microwave  remote  sensing  techniques. 
In  addition  to  its  impact  on  the  navigation  over  polar  waters, 
sea  ice  has  a  huge  influence  on  the  heat  exchange  between 
the  oceans  and  the  atmosphere.  Classification  of  the  principal 
types  of  sea  ice  requires  detailed  information  about  their 
microwave  signatures.  In  particular  the  polarimetric  SAR 
signatures  are  studied  and  related  to  the  scattering  mecha¬ 
nisms  at  the  ice  surface  and  within  the  ice. 

Sea  ice  data  are  collected  in  the  Greenland  Sea  and  off  the 
coast  of  East  and  South  Greenland.  The  EMISAR  data  are 
supplemented  by  satellite  SAR  data  (ERS  and  RADARS  AT), 
satellite  radiometer  data  (SSM/I),  and  satellite  visible  and 
infrared  data  (NOAA-AVHRR,  LANDSAT)  as  well  as  air¬ 
borne  microwave  radiometer  data  (TUDRAD)  and  airborne 
visible  data  (video).  Data  are  collected  from  different  seasons 
and  include  nearly  simultaneous  observations.  . 

Geologic  Mapping  in  Greenland 

The  application  of  SAR  for  geologic  mapping  in 
Greenland  is  investigated  by  DCRS  in  co-operation  with  the 
Danish  Lithosphere  Centre  (DLC).  In  its  research  plan  DLC 
has  concentrated  on  two  themes.  One  is  continental  break-up, 
hotspots  and  possible  mantle  plumes.  The  other  is  plate 
boundaries  and  crustal  accretion  in  the  Precambrian.  A  firm 
understanding  of  the  distribution  of  different  rock  lithologies 
is  important  for  both  research  areas. 


The  questions  to  be  answered  are:  1)  Is  it  possible  to 
discriminate  different  rock  lithologies  using  high-resolution 
polarimetric  SAR  imagery?  2)  Can  individual  lava  flows  and 
lava  sequences  be  distinguished  and  traced  over  extensive 
areas?  3)  How  do  faults  and  dike  swarms  manifest  them¬ 
selves  in  polarimetric  SAR  imagery? 

The  test  site  is  400  km  SW  of  Scoresbysund  in  an  area 
which  is  geologically  well-known.  Geologic  maps  have  been 
generated  through  decades  of  field  work.  The  terrain  is 
characterised  by  an  extreme  topography  as  it  also  appears 
from  the  elevation  contours  of  the  geologic  maps. 

3.  EMAC 

The  European  Space  Agency's  European  Multi-sensor 
Airborne  Campaign  (EMAC -94/95)  is  a  programme  provid¬ 
ing  support  for  the  preparation  of  future  satellite  remote  sens¬ 
ing  programmes  and  their  users  [4].  The  1994  programme 
included  coastal/ocean,  agriculture,  forestry  and  soils  exper¬ 
iments  with  an  optical  multispectral  scanner  and  two  SAR 
systems.  The  NOrthern  hemisphere  climate  Processes  land- 
surface  Experiment  (NOPEX)  was  part  of  the  EMAC  pro¬ 
gramme.  In  1995  the  EMAC  programme  continued  the 
NOPEX  activities,  but  otherwise  concentrated  on  snow  and 
ice  experiments  in  northern  Europe  where  two  SAR  systems 
and  two  microwave  radiometer  systems  collected  data. 
Unlike  previous  snow  and  ice  experiments  the  EMAC  exper¬ 
iments  emphasise  the  multi-temporal  element. 

In  1994  EMISAR  collected  polarimetric  C-band  data  from 
the  NOPEX  test  site  at  Uppsala,  Sweden.  In  1995  EMISAR 
collected  both  C-l  ^nd  and  L-band  data  from  the  following 
test  sites:  NOPEX,  the  Gulf  of  Bothnia  (sea  ice),  Oulu, 
Finland  (snow),  and  Okstindan,  Norway  (glacier  and  snow). 
DCRS's  role  in  the  EMAC  programme  is  to  collect,  pre-pro¬ 
cess,  and  calibrate  the  fully  polarimetric,  dual  frequency 
EMISAR  data.  DCRS  is  not  directly  involved  with  the  inte  - 
pretation  of  the  data. 

4.  EARTH  SCIENCE  POTENTIAL 

In  the  following  the  potential  of  polarimetric  SAR  for 
various  Earth  Science  disciplines  is  discussed  on  the  basis  of 
the  above-mentioned  EMISAR  data.  Table  I  summarises 
some  of  the  conclusions  by  classifying  the  ability  to  measure 
a  number  of  geophysical  parameters. 

DCRS  has  applied  several  pixel-based  supervised  classifi¬ 
cation  algorithms  to  the  Plant  and  Soil  data  sets  from 
Foulum,  including  the  Maximum  Polarimetric  Contrast  algo¬ 
rithm  and  a  maximum  likelihood  classifier  based  on  the 
Complex  Wishard  distribution.  The  results  are  promising,  but 
in  order  to  discriminate  crops  with  similar  structures  such  as 
different  cereals,  multi-temporal  data  sets  are  required  [5].  In 
addition,  due  regard  should  be  paid  to  the  fact  that  the  inci¬ 
dence  angle  varies  over  the  swath. 

These  studies  have  also  shown  that  SAR  is  not  as  inde¬ 
pendent  of  weather  as  often  stated.  Factors  like  precipitation 
and  wind  have  been  found  to  have  dramatic  effects  in  vege¬ 
tated  areas.  This  is  especially  true  for  vegetation  which  like 


277 


cereal  has  a  vertical  structure  when  no  wind  is  present,  and 
sufficient  flexibility  that  the  wind  can  change  its  orientation. 

In  combination  with  the  in- situ  measurements  of  soil  mois¬ 
ture  and  surface  roughness  the  Integral  Equation  Method 
(IBM)  has  been  used  to  compute  backscatter  coefficients  for 
a  number  of  bare  fields.  These  theoretical  backscatter  coeffi¬ 
cients  seem  to  be  larger  than  those  measured  by  EMISAR. 
Recent  results  indicate  that  one  reason  may  be  that  the  SAR 
signal  is  likely  to  be  backscattered  by  a  smoother  subsurface 
layer  [5].  The  in-situ  measured  values  of  soil  moisture  and 
soil  surface  roughness  agree  very  well  with  the  estimates 
retrieved  from  the  two  co-polarised  backscatter  coefficients 
by  using  the  empirical  model  developed  by  Dubois  et  al.  [6]. 
It  is  desirable  to  complement  the  polarimetric  SAR  data  by 
topographic  data  in  order  to  correct  the  backscatter  coeffi¬ 
cient  for  the  impact  of  the  local  incidence  angle. 

The  application  of  polarimetric  SAR  data  to  map  land¬ 
scape  ecology  is  very  challenging.  Unlike  agricultural  fields, 
the  habitats  to  be  classified  are  rarely  homogeneous,  e.g. 
meadows,  mixed  deciduous/coniferous  forests.  Also,  the 
variety  and  the  small  extent  of  the  features  of  interest  compli¬ 
cate  the  use  of  SAR  data.  However,  if  the  data  is  interpreted 
by  an  experienced  human  analyst  many  landscape  classes  and 
vegetation  types  can  be  discerned.  For  the  forest  studies  the 
L-band  data  seem  to  be  preferable  as  it  takes  much  larger 
biomass  densities  at  L-band  to  saturate  the  backscatter  which 
is  generally  an  increasing  function  of  the  biomass  per  unit 
area.  Also,  at  L-band  the  relative  cross-pol  to  like-pol  ratio 
seems  to  be  an  indicator  of  tree  height  and  biomass. 

Encouraging  results  have  been  obtained  with  respect  to  the 
aerodynamic  roughness.  For  five  selected  surfaces  a  linear 
relationship  has  been  found  between  the  cross-pol  backscatter 
coefficient  and  the  logarithm  of  the  aerodynamic  roughness 

[7].  The  HH  polarisation  is  also  highly  dependent  on  the 
vegetation  density  and  hence  the  aerodynamic  roughness, 
while  the  vertical  polarisation  is  more  sensitive  to  the  soil 
moisture.  These  results  are  based  on  EMISAR  data  from  the 
NOPEX  site  and  they  are  confirmed  by  Foulum  data  associ¬ 
ated  with  a  wheat  field.  Previously,  a  high  correlation  be¬ 
tween  aerodynamic  roughness  and  backscatter  coefficient  has 
been  reported  for  three  different  types  of  arid  surfaces  [8], 

A  fully  polarimetric  C-band  data  set  of  sea  ice  was  col¬ 
lected  off  the  East  Greenland  coast  in  March  1995.  Simul¬ 
taneous  ERS-1  data,  microwave  radiometer  data,  and  video 
data  were  recorded,  allowing  many  different  ice  types  to  be 
identified  and  exposed  to  polarimetric  signature  analysis.  It  is 
evident  that  the  discrimination  capability  is  greatly  improved 
when  fully  polarimetric  data  are  available  [9]. 

Less  encouraging  are  the  results  from  geologic  mapping  in 
Greenland.  Indeed,  structural  features  like  faults,  dike 
swarms,  and  lava  bedding  are  reflected  quite  well  in  the  SAR 
imagery,  but  a  geologic  classification  cannot  be  performed  on 
the  basis  of  polarimetric  data  [10].  Due  to  the  glacial  activity 
in  this  area  lithological  differences  do  not  reflect  in  the  sur¬ 
face  morphology  measured  by  the  SAR,  It  is  noted  that  in 
other  areas  of  the  world,  where  the  lithology  is  related  to  a 
unique  morphology,  it  can  be  possible  to  infer  some  informa¬ 
tion  about  lithology  from  SAR  data. 


TABLE  I.  Polarimetric  SAR  measuring  capability 


Parameter 

High 

Medium 

None 

Soil  moisture 

X 

Surface  roughness 

X 

Aerodyn.  roughness 

X 

Crop  type 

X 

Ice  type 

X 

Lithologic  rock  type 

X 

Geologic  structure 

X 

Landscape  ecology 

X 

CONCLUSIONS 

Results  from  1994  and  1995  have  shown  that  SAR  is  a 
very  useful  sensor  for  land  cover  mapping  particularly  for 
biosphere  studies,  SAR  is  also  very  useful  in  relation  to  both 
sea  and  inland  ice  studies.  It  has  been  found  that  for  most 
studies  there  will  be  a  significant  temporal/environmental 
variation  and  it  is  thus  very  important  for  most  studies  to 
acquire  more  than  one  data  set.  Our  present  understanding  is, 
however,  that  SAR  seems  to  be  less  generally  applicable  for 
geological  studies,  mainly  being  of  use  for  mapping  mor¬ 
phology  and  also  topography. 
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ABSTRACT 

The  main  objective  of  this  paper,  based  upon  a  Pre-phase  A 
study  founded  by  ESA,  is  to  define  a  preliminary  design  of  a 
spaceborne  Rain  Radar  from  a  precise  review  of  user 
requirements  proposed  for  climate  research  and  operational 
meteorology  purpose. 

A  mission  analysis  defines  the  most  suitable  space  segment, 
taking  into  account  the  instrument  related  aspects  and 
mission  constraints. 

As  a  result  of  several  trade-off,  the  dual  frequency  rain  radar 
design  is  described  presenting  in  particular  the  way  pulse 
compression  is  implemented  to  achieve  a  pulse  response  with 
a  side-lobe  level  lower  than  -60  dB. 

Finally  simulated  performances  shows  this  feasible 
spaceborne  rain  radar  is  in  compliance  with  the  user 
requirements. 

1  INTRODUCTION 

During  the  last  few  years.  Earth  Observation  from  space  has 
demonstrated  its  growing  scientific,  social,  economic  and 
political  importance  by  contributing  to  a  better  understanding 
and  regular  monitoring  of  the  Earth  and  its  environment. 
Considering  the  increasing  community  of  users,  the 
European  Space  Agency  proposes  to  prepare  an  Earth 
Explorer  Mission  for  research  and  demonstration  purpose. 
Among  the  nine  possible  candidates,  the  Precipitation 
Mission  plan  to  observe  precipitation  especially  in  tropical 
regions. 

For  climate  research,  a  typical  requirement  is  a  global 
mapping  of  the  monthly  rainfall  with  a  grid  resolution  of  500 
X  500  km^  horizontally  and  250  m  vertically  with  an 
accuracy  better  than  10  %.  The  rain  rate  variability  within  a 
day  is  another  important  parameter  for  comparison  with 
climate  model. 

This  paper  is  based  upon  results  of  an  ESA  pre-phase  A 
study,  lead  by  ALCATEL  ESPACE  with  three  other 
European  companies.  Its  objective  is  to  determine  precise 
user  requirements  and  define  adequate  mission  and 
instrument  design. 


9  MISSION  DEFINITION 
7  I  Tnitrnments  and  platform 

The  payload  of  such  a  dedicated  mission  consists  mainly  in 
the  association  on  a  low  orbiting  platform  of  a  rain  radar,  a 
visible/IR  imager  and  a  multichannel  microwave  radiometer. 
The  precipitation  field,  from  0  to  15  km  altitude,  is  sampled 
in  three  dimensions  by  the  radar  with  a  footprint  resolution 
of  3  km,  compatible  with  the  observation  of  deep  convective 
cells. 

The  400  km  swath  width  avoids  a  too  large  degradation  of 
the  vertical  resolution  as  well  as  a  too  severe  contamination 
of  the  meteorological  echo  by  the  surface  return . 

According  to  the  statistical  distribution  of  the  rainfall,  the 
radar  dynamical  range  should  cover  0.5  to  60  mm/h  in  order 
to  observe  95  %  of  the  rainfall. 

The  role  of  the  microwave  radiometer  is  to  extend  the  swath 
of  the  measuring  system  up  to  1000  km  by  a  conical 
scanning.  Its  poor  sampling  is  compensated  by  the 
introduction  in  the  inversion  algorithm  of  the  radar  fine  scale 
description  of  the  precipitation  field. 

2.2  Mission  selection 

For  a  500  *  500  km^  grid  mesh,  meeting  a  sampling  error  on 
a  monthly  rainfall  lower  than  5  %  requires  a  revisit  time 
shorter  than  about  1 2  hours  [  1  ] . 

The  mission  analysis  is  based  on  this  critical  requirement  as 
well  as  the  global  coverage  of  the  geographical  domain  (±  60 
degrees  latitude  with  a  particular  interest  in  the  ±  30  degrees 
tropical  region)  range  and  local  hour  sampling. 

The  orbit  inclination  is  selected  close  to  56  degrees  to  get  the 
required  coverage  together  with  a  high  drifting  equator 
crossing  time  in  order  to  sample  the  diurnal  cycle. 

Even  if  the  considered  swath  is  the  radiometer’s  one,  it  is 
necessary  to  consider  a  two  satellite  mission  with  both 
satellites  on  a  500  km  height  orbit,  with  the  same  inclination 
and  ascending  nodes  separated  by  12  degrees  [2]. 

Performances  of  this  mission  are  summarized  in  Table  1. 
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PARAMETER 

VALUE 

Mean  revisit  time  over  [-60,  +60  deg] 

10.9  h 

Mean  revisit  time  over  [-30,  +30  deg] 

13.5  h 

%  of  [-60,  +60  deg]  domain  with  a  mean  revisit  time 
lower  than  12  hours 

91  % 

Coverage  of  the  [-60,  +60  deg]  domain 

99.4  % 

Local  hour  coverage 

<34  days 

Table  1 :  Mission  performances  for  2  satellites 


3.  RAIN  RADAR  DESIGN 

3.1  Concept  selection 

Three  main  concepts,  based  upon  different  rain  rate  retrieval 
algorithms,  have  been  compared  :  Single  Beam  Single 
Frequency  (SBSF),  Single  Beam  Dual  Frequency  (SBDF) 
and  Dual  Beam  Single  Frequency  (DBSF). 

The  DBSF  concept  (tilt  angle  of  ±  15  deg  related  to  nadir) 
has  been  discarded  because  of  its  algorithm  instability  and 
sensibility  to  non  uniform  beam  filling. 

Both  other  concepts  meet  the  requirements  but  the  SBDF 
concept  is  preferable  as  in  the  range  0.5  to  25  mm/h,  its 
algorithm  is  insensitive  to  radar  calibration,  drop  size 
distribution  variability  and  it  operates  over  land  as  well  as 
over  sea.  The  SBDF  concept  was  therefore  selected  despite 
the  increase  of  cost  and  design  complexity. 

3.2  Design 

As  represented  in  Figure  1,  the  baseline  architecture  is 
composed  of  five  main  parts  :  the  digital  electronic 


subsystem,  the  RF  subsystem,  the  antenna,  the  mass  storage 
unit  and  the  instrument  control  unit  (ICU). 

A  pulse  compression  is  implemented  and  the  selected  pulse 
waveform  is  a  broken  line  FM  pulse,  as  described  in 
Figure  2  [3]. 

Up  and  down  conversions  are  performed  from  5  MHz 
simultaneously  to  13.7  and  24.15  GHz.  High  amplification  is 
performed  through  travelling  wave  tubes  that  require  less 
cost  and  technological  risk  than  a  distributed  architecture, 
specially  for  K-band. 

The  antenna  consists  of  a  reflector  illuminated  by  two 
adjacent  single  frequency  feed  arrays.  Footprints  are  not 
simultaneously  superimposed  but  antenna  pointing  ensures 
an  overlapping  higher  than  90%  along  the  orbit.  The  across- 
track  beam  steering  is  fulfilled  by  a  feed  array  including  a  set 
of  phase  shifters  whose  commands  are  controlled  by  ICU. 
Pulse  compression  consists  mainly  of  a  frequency  domain 
multiplication  of  each  echo  with  a  replica  computed  by  ICU 
from  a  calibration  pulse.  A  breadboard  developed  for  ESTEC 
[3]  shows  that  this  compensation  procedure  enables  to  meet 
point  target  response  side-lobe  level  lower  than  -60  dB  and 
to  relax  radar  hardware  distortions. 

Digital  processing  unit,  echoes  are  averaged  in  range  and 
pulse  to  pulse  in  order  to  get  for  each  beam  position  a  single 
echo  with  a  250  m  range  resolution.  Each  coded  echo  is 
stored  before  being  transmitted  through  the  payload 
telemetry  antenna.  On  ground,  echoes  can  therefore  be 
introduced  in  rain  rate  retrieval  algorithms. 

A  calibration  design  is  implemented  to  acquire  the  signal 
required  to  compute  the  replica,  to  compensate  the 
manufacturing,  thermal  and  ageing  errors  in  the  passive 
beam  forming  network  and  to  guarantee  the  antenna  sidelobe 
level. 


Figure  1 :  Instrument  block  diagram 
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Main  system  and  instrament  characteristics  are  summarized 
in  Table  2. 


PAR4METER 

VALUE 

Frequencies 

13.70  and  24.15  GHz 

Horizontal  /  range  resolution 

3  km  /  250  m 

Swath  width 

250  to  400  km 

Observed  altitude 

15  km  +  7  km  (mirror  echo) 

Pulse  bandwidth  /  duration 

4.5  MHz  /  60  i-is 

PRF 

selectable  <  3500  Hz 

Reflector  size 

4.8  m  height  *  6  m  width 

Number  of  feeds 

2*212 

Table  2:  Main  system/instrument  characteristics 
d  PFRFORMANCRS  AND  CONCLUSION 


In  conclusion,  this  study  has  demonstrated  the  feasibility  of  a 
spaceborne  rain  radar  which  meets  the  performances  needed 
for  climate  research.  In  addition,  the  proposed  two  satellite 
mission  achieves  the  severe  user  requirements  related  with 
the  revisit  time,  the  coverage  and  the  local  hour  sampling. 
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Simulations  show  that  KZs  algorithm,  similar  to  Hitschfeld- 
Bordan  method  with  surface  echo  processing,  and  Dual 
Frequency  algorithm  are  complementary  and  provide 
satisfying  rain  rate  retrievals. 

Budgets  and  performances  are  described  in  Table  3. 


PARAMETER 

VALUE 

Mass  budget  (margin  of  20  %) 

360  kg 

Power  consumption  budget 

340  W 

Rain  rate  dynamic  range 

0.5  to  50  mm/h 

Standard  deviation  and  bias 

<  10% 

Table  3  :  Budgets  and  performances 
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Abstract  —  The  analysis  of  remotely  sensed  image  data, 
that  have  been  acquired  during  the  SIR-C/X-SAR  mission  in 
October  1994  over  Ruegen  island,  Germany,  together  with 
the  application  of  a  backscattering  inversion  technique  for 
the  retrieval  of  the  soil  water  content  is  shown.  The  results 
are  in  agreement  with  the  modeled  soil  water  content  and  the 
RMS  surface  roughness  (standard  deviation  of  surface 
height),  if  compared  to  reference  data  from  maps  and  field 
measurements.  This  way  a  spatial  derivation  of  soil  moisture 
information  is  possible. 

INTRODUCTION 

For  a  lot  of  ecological  modeling  approaches  of  landscapes 
or  regions,  spatial  data  are  necessary.  These  are  important 
not  only  for  the  retrieval  of  initial  parameters,  but  as  well  as 
a  verification  database  for  geoecological  modeling  results. 
Most  numeric  ecological  models  have  only  been  verified 
with  point  measurements  so  far.  Remote  sensing  methods, 
however,  offer  the  possibility  of  large  area  assessment  of  soil 
and  plant  physical  parameters.  Especially  the  use  of  weather 
and  cloud  independent  synthetic  aperture  radar  (SAR)  data 
offers  the  possibility  of  spatial  data  retrieval. 

Depending  upon  the  water  content,  microwaves  can 
penetrate  into  the  ground  and  the  backscattering  of  the  inci¬ 
dent  wave  is  mainly  influenced  by  the  surface  roughness  and 
the  soil  dielectric  behavior.  The  large  difference  between  the 
dielectric  constant  of  the  soil  (2-3)  and  of  water  (about  80 
opens  the  possibility  to  calculate  the  dielectric  constant  from 
water  content  from  the  dielectric  constant  and  this  way  from 
the  backscattering  coefficient. 

The  SIR-C  systems  recorded  polarimetric  radar  image 
data  in  C-  and  L-band,  which  is  5.3  and  1.2  GHz,  respec¬ 
tively.  X-SAR  records  X-band  VV  data  (9.6  GHz).  Two  10- 
day  campaigns  were  carried  out  in  April  and  October  1994. 
During  these  periods  synchronously  to  the  shuttle  overpass 
acquired  field  data  have  been  collected  and  are  an  important 
reference  data  set  for  the  modification,  improvement  and 
validation  of  algorithms. 

INVESTIGATION  AREA 

This  study  was  conducted  on  Ruegen  island,  which  is  lo¬ 
cated  near  the  North  East  German  coast  of  the  Baltic  Sea. 


The  total  size  of  the  area  is  about  30  *  30  km.  The  region  of 
interest  consists  mostly  of  agricultural  fields  and  forests,  bog 
areas  and  open  water  bodies  and  only  a  few  small  towns  and 
cities.  The  substrates  are  glacial  deposits  and  represent  a 
large  variety  of  texture  classes  ranging  from  clayey  silt  to 
sandy  loam  and  sand.  Main  agricultural  crops  are  rape  seed, 
barley  and  corn.  During  the  second  SIR-C/X-SAR  campaign 
21  mm  of  precipitation  were  measured.  October  7  did  not 
receive  any  rain.  The  surface  topography  was  mainly  flat  in 
the  region  of  interest,  so  that  no  disturbances  of  the  image 
geometry  by  topographic  effects  occurred. 

FIELD  MEASUREMENTS  AND  IMAGE  DATA 

Representative  fields  with  the  major  occurring  substrates 
were  sampled  with  TDR  probes  (time  domain  reflectometry) 
that  give  a  direct  read-out  of  the  volumetric  soil  moisture 
content  in  the  upper  10  cm  of  the  homogeneously  wet  soil 
profile.  The  empirical  relationship  between  the  soil  dielectric 
constant,  which  modifies  the  runtime  of  the  transmitted 
pulse  from  the  TDR  device  into  the  soil  and  back,  and  the 
volumetric  soil  water  content  is  described  by  [1].  The  sam¬ 
pling  locations  were  chosen  following  a  100  m  x  100  m  grid 
sampling  strategy.  Each  field  was  covered  with  up  to  120 
measurement  locations  and  at  each  location  3  repetitions 
were  taken  (field  averages  are  shown  in  Tab.  I).  The  probes 
were  calibrated  and  their  results  are  absolutely  comparable. 

The  average  soil  water  content  across  fields  varies  between 
17  and  48  %  Vol.  with  standard  deviations  per  field  of  2  to 
11  %  Vol.  This  large  spatial  variability  is  due  to  the  very 
heterogeneous  substrates.  The  averaging  over  whole  agricul¬ 
tural  fields  was  necessary  to  provide  comparison  data  for  the 
speckled  image  data  that  were  averaged  over  whole  fields  as 
well. 

Surface  roughness  was  determined  with  a  3D-laser  profiler 
over  a  Ixlm  area  and  with  a  simpler  approach  that  uses 
incremented  measurements  along  a  2m  transect  at  three 
location  on  each  field.  The  spatial  resolution  of  the  laser  in  x 
and  y  directions  was  adjusted  to  2,  12,  56  and  100  mm  steps. 
Semivariograms  were  calculated  for  the  soil  water  content 
and  kriging  interpolation  (ordinary  kriging)  was  applied  to 
interpolate  between  point  measurements.  A  GIS  contains  the 
land  use,  soil  substrates,  sample  locations,  and  soil  water 
content  maps  from  the  geostatistical  analysis.  Especially  the 
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soil  substrate  maps  are  necessary  to  apply  a  local  soil  texture 
correction  of  the  inversion  model  output  [2]. 

In  this  study  single  look  complex  data  in  a  slant  range 
projection  (SLC-product)  in  L-Band  HH,  VV,  and  VH  pola¬ 
rization  were  used,  because  these  geometrically  uncorrected 
products  contain  the  original  unbiased  backscattering  ampli¬ 
tudes.  The  spatial  resolution  is  22.4  m  in  range  direction  and 
6.6  m  in  azimuth  direction.  The  image  covers  an  area  of 
18.5  X  50  km  at  an  incidence  angle  of  45.1°  at  the  image 
center  and  contains  amplitude  data  that  are  absolutely  cali¬ 
brated  at  an  accuracy  of  +/-  2  dB. 

Tab  I:  Reference  data  of  representative  substrates  on 
Ruegen  island  during  the  SIR-C/X-SAR  campaign  on  Octo- 


UCl  /, 

Field 

Mean 

niv 

[%  Vol] 

Std.dev. 

mv 

\%  Vol] 

Clay 

[%] 

Sand 

[%] 

s 

[cm] 

1 

[cm] 

KLN 

18.81 

11.15 

6.0 

70.9 

1.83 

8.4 

KLS 

17.63 

3.04 

6.3 

70.7 

1.69 

6.4 

VE 

22.72 

3.22 

10.2 

60.5 

1.27 

7.2 

MO 

48.32 

7.14 

21.5 

44.7 

0.60 

6.2 

VEI 

28.41 

1.94 

9.6 

60.7 

0.60 

6.2 

RA 

19.58 

5.42 

11.7 

66.0 

2.91 

6.8 

iHvI  volumetric  soil  water  content,  s:  RMS  height,  h  autocorrelation  length. 

REGRESSION  ANALYSIS 

Linear  regression  analysis  (Tab.  II)  was  applied  to  estimate 
the  intensity  of  the  relationship  between  measured  soil  water 
content  and  backscattering  coefficients,  that  have  been  re¬ 
trieved  from  the  same  areas  in  the  image  data.  These  are 
average  values  across  whole  fields,  the  location  of  the  fields 
was  determined  with  the  GIS  layer  of  investigation  sites. 

The  regression  results  for  the  soil  water  content  and  the 
autocorrelation  length  at  single  polarizations  are  very  low. 

Tab.  II:  Regression  analyses  between  the  backscattering  in 
L-Band  at  different  polarizations  and  soil  parameters. 


The  general  trend  for  the  regression  between  the  soil  water 
content  and  the  backscattering  in  L-band  can  be  described  as 
follows:  VV  represents  the  highest  backscatter  followed  by 
HH  and  the  very  low  backscattering  in  HV  (about  10  dB  less) 
and  the  regression  lines  run  parallel. 

Regarding  the  soil  water  content,  the  best  explanation  is 
given,  if  the  two  like  polarizations  HH  and  VV  are  intro¬ 
duced  into  the  analysis;  R  is  0.98  for  the  soil  water  content 
and  0.90  for  the  standard  deviation  of  surface  heights  (RMS 
height).  These  results  are  an  important  prerequisite  for  the 
successful  application  of  the  theoretical  backscattering  model 
and  the  inversion  model. 


BACKSCATTER  MODELING 


Theoretical  modeling  with  the  empirical  soil  surface 
backscattering  model  Mimics-Umich  [3]  was  then  applied  in 
order  to  learn  about  the  influence  of  the  radar  parameters  on 
the  backscattering  and  the  measured  ground  parameters.  The 
empirical  model  was  developed,  because  other  modeling 
results  for  given  surface  conditions  did  not  compare  well 
enough  with  the  imaging  radar  backscattering  coefficient 
and  the  model  should  be  applicable  to  a  greater  variety  of 
soil  surface  conditions. 

The  validity  criteria  of  these  models  are  based  on  the  ra¬ 
diometric  surface  roughness  and  were  checked  for  the  meas¬ 
ured  surface  roughness  conditions  (Tab.  III).  This  led  to  the 
result,  that  only  the  small  perturbation  model  and  the  em¬ 
pirical  model  may  be  applied  to  the  measured  surface  condi¬ 
tions. 


Tab.  Ill:  Validity  criteria  for  surface  scattering  models. 


Model 


Geometrical  Optics 
Physical  Optics 
Small  Perturbation 
Mimics-Umich 


Criteria 


ks  >  2,  kl  >  6 

kl  >  6,  m  <  0.25 
kl  <  3,  ks  <  0.3,  m  <  0.3 
0.1  <  ks  <  0.6,  2.6  <  kl  <  19.7 
0.009  <  mv  <  0.31 _ 


li-  wnvfi  number,  m:  surface  slope.  Others  as  in  Tab.  I. 


r  for  the  independent  parameters _ _ _ _ — 

Polarization  niy _ _s - L 

0.48  0.85  0.51 

0.19  0.72  0.41 

0.27  0.83  0.23 

0.32  0.85  0.28 

0.67  0.46  0.99 

0.98  0.90  0.57 

_ 0-39  0.85  ^ _ 0^ 

myi  volumetric  soil  water  content,  s:  RMS  height,  1:  autocorrelation  length. 

Only  the  use  of  both  like  polarizations  raises  r.  If  all  po¬ 
larizations  are  introduced  into  the  analysis,  the  results  are 
not  improved,  compared  with  the  case  of  both  like  polari¬ 
zation  for  the  soil  water  content  and  the  RMS  height.  This 
may  be  due  to  the  calibration  problems  in  the  cross  polarized 
signatures. 


HH 

W 

VH 

HV 

all  4 

VV,HH 

VH  HV 


The  backscattering  results  in  VV  polarization  are  always 
about  5  dB  higher  than  in  HH  and  10  dB  higher  than  in  the 
VH  polarization.  The  wetter  the  surface  is,  the  higher  the 
backscattering  is.  With  increasing  incidence  angle,  the 
backscattering  decreases  as  the  surface  appears  rougher  than 
close  to  nadir  incidence  angles  and  the  difference  between 
VV  and  HH  becomes  about  2  dB  larger.  These  general  theo¬ 
retical  results  support  the  possibility  of  estimating  the  soil 
water  content  and  surface  roughness  from  SAR  data  with  an 
inversion  algorithm.  If  wet  mineral  soils  are  compared  (KLS 
and  VEI,  Tab.  I),  the  difference  in  the  water  content  is  10.78 
%  Vol.  as  opposed  to  a  difference  in  the  backscattering  of 
5.35  dB  in  VV,  7.95  dB  in  HH  and  8.66  dB  in  VH  as  mod¬ 
eled  by  Mimics-Umich.  It  has  to  be  taken  into  account  that 
the  roughness  conditions  are  different  and  the  calibration 
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accuracy  for  SIR-C  which  is  +/-  2  dB  reduces  the  difference 
even  more. 

INVERSION  MODELING 

The  application  of  an  inversion  technique  by  Sffl  [4]  allows 
the  retrieval  of  soil  water  content  and  surface  roughness 
parameters  directly  from  L-band  VV  and  HH  polarized  im¬ 
age  data.  Inversion  techniques  make  use  of  the  physical 
scattering  properties  of  defined  wavelength  and  polarization. 
For  each  pixel  of  the  input  SLC  image  data  the  appropriate 
rough  surface  model  is  selected:  The  ratio  of  the  co-polarized 
signals  determines  the  use  of  the  model.  Image  speckle 
(multiplicative  noise)  is  overcome  due  to  the  embedded 
multilooking  procedure.  Vegetated  areas  are  excluded  by  a 
scattering  based  classification  algorithm  [5]  that  only  selects 
pixels  with  single  reflections.  Two  extreme  classes  of 
possible  soil  water  contents  are  then  tested  and  determine  the 
range  for  the  calculated  dielectric  constants.  Some  pixels 
that  are  out  of  range  (densely  vegetated,  forested  or  built-up 
areas)  are  assigned  missing  values  and  appear  black. 

The  resulting  3  channel  image  contains  the  dielectric  con¬ 
stant  of  the  soil,  the  standard  deviation  and  the  autocorrela¬ 
tion  length  of  the  surface  roughness.  It  still  appears  very 
speckled,  in  a  sense,  that  a  large  heterogeneity  of  the  calcu¬ 
lated  dielectric  constant  an  the  RMS  height  can  be  observed. 

An  expression  by  Hallikainen  [2]  is  used  for  the  conver¬ 
sion  of  the  dielectric  constant  into  the  volumetric  soil  water 
content  depending  on  the  sand,  clay  and  water  content  at  L- 
band.  In  a  first  step  this  conversion  is  carried  out  for  the 
sampled  fields  only  (Tab.  IV)  the  next  step  is  the  calculation 
of  soil  water  contents  for  the  whole  output  image  based  on 
the  digitized  soil  substrate  map  and  the  derived  sand  and 
clay  content.  As  the  soil  water  content  and  the  surface 
roughness  are  estimated  in  the  same  equation,  the  underes¬ 
timation  of  the  one  leads  to  an  overestimation  of  the  other,  as 
reported  by  [6,  7].  This  tendency  has  yet  to  be  proven  for  the 
Ruegen  Island  data  set.  Most  of  the  site  water  contents  were 
underestima- 


Tab.  IV:  Comparison  of  modeled  (Shi  1991)  and  meas- 
ured  soil  water  contents  and  surface  roughness. _ 


Site 

mv 

mv  (Shi) 

s 

s  (Shi) 

VE 

0.227 

0.209 

1.27 

2.11 

KLN 

0.188 

0.123 

1.83 

1.91 

KLS 

0.176 

0.076 

1.69 

1.57 

VEI 

0.284 

0.161 

0.60 

1.48 

MO 

0.486 

0.162 

0.60 

2.42 

RA 

0.196 

0.195 

2.91 

2.52 

my:  volumetric  soil  water  content,  s:  RMS  height. 


ted,  only  test  site  RA  is  almost  fully  recognized.  A  problem 
may  be  the  large  spatial  heterogeneity  of  the  soil  conditions 
in  each  site,  that  can  not  be  taken  care  of  with  averaging. 
The  regression  analysis  between  each  pixel  from  the  kriging 


map  (measured  soil  water  content)  and  the  modelled 
dielectric  constant  will  be  presented. 

RESULTS  AND  DISCUSSION 

For  a  field  average  approach  the  following  results  can  be 
summarized:  The  comparison  of  image  data  and  soil  data 
(regression  analysis)  for  a  few  fields  is  satisfying,  r  reaches 
0.98  for  four  polarisations.  A  multi-temporal  approach  even 
with  only  one  frequency  and  polarization  (C-band,  VV) 
shows  similar  results  [11].  The  comparison  of  backscattering 
coefficients  of  modeling  results  (Umich-Mimics)  and  image 
data  gives  a  first  impression,  but  can  not  be  used  to  invert 
image  data  on  a  spatial  scale.  The  comparison  of  inversion 
technique  results  and  ground  truth  leaves  room  for  improved 
comparison  techniques  with  GIS  information.  Inversion 
modeling  can  be  used  to  calculate  large  area  soil  moisture 
and  roughness  maps  from  L-band  polarimetric  SAR  data  as 
stated  by  [10]  as  well. 
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Abstract  -  Scattering  of  electromagnetic  waves  by  a 
polydisperse  system  of  small  spherical  hydrosol  particles  in 
the  scalar  approximation  is  considered.  TTie  equation  for  the 
scattering  cross-section  which  generalizes  the  well-known 
Rayleigh-Gans-Rocar  formula  for  a  scattering  medium 
containing  particles  characterized  by  continuous  distributions 
in  their  dielectric  permittivities  at  any  given  size  is  derived. 
For  a  natural  situation,  such  as  a  coastal  environment,  the 
difference  between  volume  scattering  functions  proposed  in 
this  paper  and  conventionally  derived  scattering  functions  can 
be  as  large  as  50%  for  the  particle  size  distributions  with  the 
maximum  size  of  particles  less  than  ten  wavelengths  of  light. 


EsTTRODUCTION 

Conventional  volume  scattering  function  calculations  use  a 
particle  size  distribution  and  a  fixed  dielectric  permittivity  for 
each  size  class.  This  approach  became  widely  accepted  due  to 
two  main  reasons:  first,  it  is  mathematically  simpler 
compared  to  a  more  general  approach,  and,  second,  it  is 
accurate  enough  for  open  ocean  situations.  In  these  simple 
cases  we  can  divide  all  scattering  particjes  into  a  few  different 
particle  types,  each  with  an  assigned  dielectric  permittivity. 
However,  as  emphasis  has  switched  to  coastal  environments, 
the  number  of  particle  types  in  each  size  class  has  increased. 
We  include  this  diversity  of  particle  types  in  the  calculation 
of  the  volume  scattering  function. 

In  order  to  incorporate  this  real-life  complexity  we  utilize  a 
two-dimensional  distribution  of  particles  with  respect  to 
particle  size  and  dielectric  permittivity.  We  consider  multiple 
scattering  but,  because  of  the  complexity  of  the  problem, 
restrict  ourselves  to  the  case  of  small  particles  and  use  the 
scalar  approximation  to  Maxwell’s  equations  for 
electromagnetic  theory.  Using  this  approach  we  calculate  the 
contribution  to  the  volume  scattering  function  due  to  small 
particles  for  various  coastal-type  hydrosols. 

0-7803-3068-4/96$5.00©1996  IEEE 


APPROACH 

Consider  the  scattering  of  scalar  electromagnetic  waves  in  a 
medium  represented  by  a  polydisperse  system  of  N  particles. 
Let  Eq  denote  the  dielectric  permittivity  of  the  surrounding 
medium,  while  £„  is  the  dielectric  permittivity  of  a  particle 
with  index  n.  The  dielectric  permittivity  of  a  mixture  is  a 
function  of  the  random  distribution  of  the  particles’ 
coordinates  {rj.  For  a  particular  configuration  of  a 
polydisperse  mixture  of  hydrosol  particles  with  different 
electric  properties  it  can  be  represented  in  the  following  form 
[L2] 

H7,{r„})  =  So +^(e„-e,)eia„-\r -?„{),  (1) 

/7=1 

where  0(a:)  is  the  Heavyside  (or  step)  function  defined  as  : 
{e(iJ.)  =  l,i^>0-,e{fi)  =  0,fi<0),  and  a„  is  the  size 
associated  with  the  particle  determined  from 

a„={3VJ4K)''\  (2) 

where  V„  is  the  volume  of  the  particle.  For  a  spherical 
particle,  a„  coincides  with  its  radius.  In  the  above  equation, 
r  is  the  field  vector,  while  r„  is  the  position  vector  of 
particle.  The  field  scattered  by  a  system  of  N  particles  is  a 
random  function  of  both  the  coordinates  and  scattering 
properties  of  the  particles  in  that  system. 

In  order  to  calculate  average  values  of  physical  quantities  of 
interest,  we  use  Foldy’s  probability  distribution  method  [3] 
for  the  ensemble  of  possible  configurations  of  the  dielectric 
scatterers.  Foldy  represents  “the  probability  of  finding  the 
scatterers  in  a  configuration  in  which  the  first  scatterer  lies  in 
the  element  of  volume  dr^  about  the  point  ^  and  has  a 
scattering  parameter  lying  between  5|  and  +  dS^ ,  the 
second  scatterer  lies  in  the  element  of  volume  dr2  about  the 
point  rj  has  a  scattering  parameter  lying  between  ^2  and 
5,  +  dS, ,  etc.”  as 

F(r.,r2,...r^,5j,52,...5'yy)^rj  dvj.^-dr^  dS^  dS^-.-dSi^.  (3) 


285 


In  this  article  we  consider  only  scattering  properties  such  as 
the  dielectric  permittivity  €  and  the  particle  size  x.  Then: 
dS^  =  de^dx^ .  To  find  the  configurational  average  of  a 
physical  quantity  /,  we  multiply  its  value  for  a  particular 
configuration  by  (3)  and  integrate  over  all  values  of  the  i;  and 
accessible  to  the  scatterers: 

{f)  =  jjF({S},{r])fd{S}d{7}.  (4) 

In  the  spirit  of  Foldy’s  article  [3],  we  write 

which  is  equivalent  to  assuming  that  “the  probability  that  a 
particular  scatterer  is  located  in  some  volume  element  and  has 
a  value  of  S  located  within  some  range  dS  is  independent  of 
the  locations  and  scattering  parameters  of  the  other  scatterers 
and  is  the  same  for  all  scatterers’*.  We  note  that 

n(Sj)  =  n,^,JSJ)/N,  (6) 

so  that  n{S,r)dfdS  represents  the  percentage  of  scatterers 

in  the  element  of  volume  dr  about  the  point  r  with 
scattering  parameters  between  S  and  S  +  dS, 

In  what  follows,  we  restrict  ourselves  to  spherical  particles, 
neglect  thermal  and  turbulent  fluctuations  of  the  medium  and 
assume  homogeneity.  We  can  then  write: 

n{S,?)  =  n(5)  =  y-7,(f)<p(x),  (7) 

where  V  is  the  volume  of  the  system,  /^(£)  is  the  dielectric 
permittivity  distribution  function  for  a  particle  with  size 
and  (pix)  is  the  size-distribution  function.  The  distribution 
functions  in  (7)  are  normalized  according  to 

\\n{S,T)dSdF  =  \,  \f^{E)d^  =  \,  jlp(x)dx .  (8) 

Using  (4)  and  (5)  we  can  calculate  the  average  dielectric 
permittivity  of  the  medium  from  (1): 

(«(?.{F}))  =  eo  +  Qe,„  (9) 

In  the  above  equation 

C^=NV^fV  (10) 

is  the  volume  concentration  of  particles  as  a  fraction  of  the 
total  volume, 

V„  =  {4k  /  3)J“  x^(p(x)  dx  (11) 

is  the  average  particle  volume,  and 

£^  (p(x)  x^dx  j  (p{x)  x^dx  ( 12) 

is  the  standard  deviation  of  the  average  dielectric  permittivity 
due  to  the  particles  with  respect  to  the  dielectric 
permittivity  Eq  of  the  surrounding  medium,  such  that 

£,=  J  (e-£o  )/.(£)  (13) 

In  this  case  the  formula  (1)  for  the  dielectric  permittivity  of  a 
mixture  can  be  rewritten  as 

£  =  £.-£■,  £.=£o  +  Cf,£f,,  (14) 

£  =  C„eH-'^(£„-£o)9(a,-\r-r„'),  {£)  =  0.  (15) 

«=1 

The  equation  for  a  monochromatic  scalar  wave  field  in  a 
scattering  medium  [4]  will  be 

(A  +  £Co7c^)'i'  =  /,  (16)' 


where  A  s  is  the  Laplace  operator.  (O  is  the  circular 

frequency,  c  is  the  speed  of  light  in  vacuo,  ¥  is  the  wave 
field  amplitude,  and/  is  the  source  function.  Let  us  introduce 
the  following  notation: 

=e,.w^  ic^  \  kI=(O^Ic\  (17) 

'V  =  'V  +  (p,  {(p)  =  0,  (18) 

L  =  A  +  k\  (19) 


SO  that  L  is  the  Helmholtz  operator. 

We  derive  an  equation  for  'F  by  averaging  (16),  and  an 
equation  for  (p  by  subtracting  the  averaged  equation  from 
(16).  Then  we  have  the  system  of  equations 


I (£(?)  +  /  ] 

L(p  =  Kle'¥  +  Kl[e,  (p]  J 


(20) 


where 

[e,(p]  =  e(p-{£(p).  (21) 

The  Helmholtz  operator  (19)  has  an  inverse  operator  G. 

Operator  G  is  an  integral  operator  with  a  Green  function  G 
(or  a  fundamental  solution  of  the  Helmholtz  equation  [5])  as 


kernel 

(L)"^=G,  G(r)  =  -exp(iKr)/(47rr),  (22) 

(Gf)  (r)  -  J  G(F  -F')  fi?')  d?' ,  (23) 

with  Lg  =  GL  =  1,  LG{r)  =  S{?),  (24) 

(^  /)(?)  =  J S{r-r')f{r')dr'  =  /(F).  (25) 

Let  us  introduce  a  random  operator  K ,  which  acts  on  an 
arbitrary  (random  or  deterministic)  function  F  according  to 
the  rule 

^F  =  G[£,F]sG(£F-(£F)).  (26) 


When  acting  on  a  deterministic  function  F^  it  gives 

^Fo  =  G[£,Fo]  =  G£Fo.  (27) 

Let  us  also  introduce  the  operator 

,  (28) 

'  '  /J=0 

and  act  with  the  operator  G  on  the  system  of  equations  (20). 
Then,  instead  of  (20)  we  get 

iL-4{£Q))'¥  =  f,  (P  =  Q'V,  (29) 

where 


Q  =  ■  (30) 

n=I 

Let  us  restrict  ourselves  presently  to  a  first  order 
approximation  for  which 

=  [L-Kl(eGEf^(l>^  =  /,  /  G  £  ¥”  (31) 
Let  us  examine  the  structure  of  the  operator 

l7l,  2)  =  L  (1, 2)  -  kI  G  (1, 2)  F,  (1, 2) ,  (32) 

where  the  spatial  correlation  function 

B, (1, 2)  =  (£(1) £(2))  =  fi, (1- , Fz )  =  S, (F,  - Fj) ,  (33) 

and  the  square  of  field  fluctuations  is 
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{(p\\)(p^M))  =  4  G(1,2)G-(1,3)B.(2,3)'P°(2)'P*''(3)  ,(34) 

where  asterisk  denotes  complex  conjugates.  In  order  to 
simplify  the  notation  in  what  follows,  we  introduce 
numerical  indices  1,  2,...  instead  of  with  implied 

integration  over  repeating  indices. 

When  N»l,  and  with  the  use  of  (4)  and  (15),  it  is  not 
difficult  to  derive  the  following  expression  for  the  correlation 
function  B^(/?)  (see  APPENDIX): 

*  Rl  2  ^ 

where  =  j  (£  -  £o 

represents  the  variance  of  the  dielectric  permittivity  fluc¬ 
tuations. 

The  Fourier  transform  of  this  correlation  function  will  be 
needed  later  and  is  given  by: 

0,(A:)  =  {iTty^  J B,{R) expH k  r) d^R 


=:[l/(2;r^^)]J  B^{R)sin(kR)  RdR. 
0 

Using  (35)  it  is  also  not  difficult  to  show  that 


(37) 


M)  =  - 


N  1 


■J 


f{kx) 


e[^^(p(x}dx,  (38) 


V  (2;r)^ 

f(kx)  =  3[sin(b:)  -  kx.  cos(fcc)]/(fa)' .  (39) 

For  a  monodisperse  hydrosol  where  (p{x)  =  Six  -  a) ,  and 
f,  (£)  =  5(e  -  e„ ) ,  we  find  that 


(^)  ^ 


Nie„-eof 

V  (iTtf 

L  3 

-l2 


(40) 


=  C, 


(^m  ^0^ 


67t^ 


ayUko). 


SCATTERING  CROSS-SECTION 

Consider  a  plane-parallel  wave  Aq  exp(!K’Q  ii  F)  falling  on  a 
certain  part  V,  of  the  volume  V .  (here  ii  is  a  unit  vector 
pointing  in  the  direction  of  propagation:  =eQK’o.i-  i  ltf 

fluctuating  field  outside  of  the  scattering  volume  caused 

bv  scattering  due  to  the  particles  inside  this  volume,  is  given 
by  (31): 

(p°  =k-^G£'P®;  (41) 

where  the  average  field  'P°  is  represented  by  a  plane-parallel 
wave  [4]  \j/0 exp(iq nr').  (42) 

Here  g  is  a  wave  vector.  It  corresponds  to  the  Fourier 
transform  of  a  bi-local  Green  function  G°  =  (I.'^)'‘  and  can  be 
expressed  by  the  equation 

=K^  +  (k-q  Iq)  InX  (^)  exp(‘  sitif'?/?)  dR .  (43) 

When  the  following  condition  is  valid. 


C„\{el e^-\yM)d£  «  1-  (44) 

the  integral  in  (43)  is  small  compared  to  so  that  q  =  K 

Neglecting  higher  order  terms  we  obtain 

q  =  q'  +  iq",  (45) 

=  K-  [  1  +  (1/8)  (jCo  )"  ]  j  (z/2Jf )  sin  z  * ,  (46) 

q"  =  (k:/2)  (kTo /k)'  j  B,  {z/2k)  sin'  z  dz .  (47) 

0 

During  the  derivation  of  the  scattering  cross-section  we  will 
consider  that  the  field  point  is  situated  in  the  Fraunhofer 
diffraction  zone,  i.  e. 

IF-F'Is  F-n"F,  in'=rlr'). 


Then 


{<p>'")  =  [<Ao7(l6;r'r')]x 

|jexp{i[/cn,(F"-F')-^'n(r"-n] 

-<7"n(F'-t-F")}R,(F'-F")  d^r'd^r 


(48) 


Introducing  the  new  variable  R  =  F'  -  F"  and  integrating  over 
F" ,  which  under  the  assumption  that  q"  «  1  gives  the 
scattering  volume  ,  we  get 


- fexpH('f«s  -q'n)R]B^iR)d^R.  (49) 

16;r  r 

Legarding  the  linear  size  of  the  scattering  volume  as  big  in 
omparison  with  the  correlation  length  a  of  the  function  B^ 
it  corresponds  to  an  average  radius  of  an  ensemble  of 
cattering  particles)  ,  we  can  expand  the  integration 

n  (49)  to  infinity,  and  obtain 

^  /  2r‘  2r  (50) 

[1  “  («'  “  + (9''  -  ) 

vhere  e  =  cos''(Hn')  is  the  scattering  angle.  The  energy 
icattered  by  the  ''olume  in  the  direction  of  n,  in  a  solid 
mgle  liD  will  be 

dF-  --  [c{(f^  <p*^)/(87r)]  r^dFL  =  Sq  Or  V'  dFl,  (51) 

where  S„  =  r  /i?,icc)  is  the  energy  flux  density  of  the 
incident  wave.  From  this  equation  we  derive  an  effective 
scattering  cross-section  from  a  unit  volume  to  a  unit  solid 
angle  in  the  direction  of 

a,  =  (jr  Kt  il] [1  +  ^('^)]  sin'(0/2)-i- A'()c-)/4  j,(52) 
where 


A(k‘)  =  - — —  =  j  B^(R)sinRdR, 

K  2  0 


or 


O  'TT^  M 

Ad)  =  — ^  J  BjR)  sin  R  dR , 


(53) 
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B,{R)  = 


47iN 


~(2) 


{lx 


4x 


+  l\x^(p(x)dx,  (54) 


of  dielectric  permittivity  for  a  given  size  and  the 

volume  concentration  of  particles  . 


ef  =J(e-eo)V.(£)^£.  ew=eo  +  Qe//-  (55) 

0 

The  transition  from  the  scalar  wave  to  the  electromagnetic 
field  is  made  by  introducing  the  coefficient  sin^  x 
which  takes  into  account  the  vector  nature  of  the 
electromagnetic  field.  Here  =  cos"^  where  n^'  is 

the  unit  vector  of  polarization  of  the  incident  wave.  Let  ^  be 
the  azimuthal  angle  between  vector  and  the  projection  of 
the  scattering  vector  on  a  plane  orthogonal  to  the  wave 
vector  qn.  Then 


sin^ =  l-cos^j3  sin^0.  (56) 

The  scattering  cross-section  in  this  case  will  then  become 

(0, P)  ~—Kq(1- cos^P  sin^0 ) X 

^  _  (57) 

[1  +  A(r:)]  sm\e/2)  +  A\k:)/4  j. 

If  q'  ,  then  A  — >  0,  and  (57)  will  coincide  with  the  well- 
known  Rayleigh-Gans-Rocar  equation  [7,  8],  averaged  over 
the  particle  size  distribution  function  (without  considering 
depolarization  effects  inside  particles  which  are  irrelevant  to 
the  shape  of  phase  function). 

For  unpolarized  light  (57)  should  be  averaged  over  the 
azimuthal  angle  P,  which  gives 


<T^ (0, P)  =  ^Kq(1- cos^P  sin^0 ) X 

[1  +  A(k:)]  sm\e/2)  +  A\K)/4  ), 
with  Og  given  by  (38). 


(58) 


PHASE  FUNCTION 


The  phase  function  for  scattering  by  a  polydisperse 
inhomogeneous  ensemble  of  dielectric  particles  is  given  by 
the  following  equation 

p(9)  =  [2il  +  cos^e)/A^]x 

3>,^(27r/A).^[^[l  +  A(l)]  sin^(e/2)  +  A^(A)/4}j,  (59) 

where  e^,  is  given  by  (14),  (15)  and  (10),  and  the  constant  of 
normalization  can  be  computed  according  to 

Ap  =  (1  +  cos^  0)  Og  sin  0  dO .  (60) 

The  phase  function  (59)  is  normalized  according  to  the 
condition 

0.5j^(e)sm9de  =  l.  (61) 

Eqn.  (59)  together  with  (53)-(55),  (12),  (14)  and  (39)  can  be 
used  to  calculate  the  scattering  phase  function  for  a 
polydisperse  system  of  particles  of  different  types.  The  input 
parameters  for  calculation  of  p{G)  are:  the  size  distribution 
function  of  particles  (p(x),  the  distribution  function  of  values 


EXAMPLE 

In  order  to  demonstrate  the  difference  in  phase  functions 
calculated  by  the  polydisperse  and  monodisperse  approaches 
we  considered  the  following  two  simple  cases: 

Case  1. 

The  size  distribution  function  is  given  by 


[  0,  elsewhere. 

(62) 

(63) 

The  dielectric  permittivity  distribution  function  for  a  given 
size  X  is  represented  as  a  superposition  of  rectangular  and 
Dirac  delta-function: 

/,  (e)  =  or,n(£) + (1  -  a, )  5(£  -  ), 

(64) 

here 

a. 

(65) 

n(£)  =  j 

[  0  ,  elsewhere. 

(66) 

^.  =  l/[2(e«-eo)]- 

(67) 

This  case  corresponds  to  a  polydisperse  hydrosol  with  the 
size-dependent  dielectric  permittivity  distributed  between 
values  of  Eq  and  2e^  -  £q  . 

Case  2. 

The  size  distribution  function  is  taken  identical  to  the  one 
used  in  Case  1  and  given  by  (62)-(63).  The  dielectric 
permittivity  distribution  function  for  a  given  size  jc  is 
represented  by  Dirac  delta  function  [5]: 

/,(£)=5(e-e„).  (68) 

This  case  corresponds  to  a  monodisperse  hydrosol  with  the 
unique  value  for  the  dielectric  permittivity  equal  to  £^. 

Due  to  spatial  limitations  we  cannot  display  the  pictures 
associated  with  both  considered  cases.  We  strongly  emphasize 
that  neglecting  the  dielectric  permittivity  distribution  function 
will  cause  differences  in  the  resulting  phase  function  in  the 
range  of  50%,  which  can  be  regarded  as  very  significant. 


CONCLUSION 

We  have  shown  here  that  our  formulation  gives  a  more 
general  expression  for  scattering  of  light  by  a  polydisperse 
ensemble  of  dielectric  particles  than  in  the  Rayieigh-Gans- 
Rocar  approximation  [7,  8].  For  the  special  case  of  a  particle 
size  distribution  represented  by  a  single  dielectric  permittivity 
(a  one-component  hydrosol)  our  results  reduce  to  the 
Rayleigh-Gans-Rocar  approximation.  For  a  natural  situation 
such  as  a  coastal  environment,  the  difference  between  our 
volume  scattering  function  and  conventionally  derived 
scattering  functions  can  be  as  large  as  50%  for  the  particle 
size  distributions  (x<  10  A)  considered  here.  In  view  of  such 
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potential  differences,  a  similar  approach  to  deal  with  the  larger 
particles  in  coastal  waters  should  be  considered. 
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APPENDIX: 

DERIVATION  OF  THE  CORREL  ATION  FUNCTION 
Using  (15)  we  can  write 

X  -  I  ^  -  ^J)  +  -  I  *^2  -  0)  /  +  (la) 

,n=l  / 

y7=l  m=l 

The  average  in  the  second  and  third  summations  according  to 

(1)  and  (14)  is  equal  to  .  In  the  double  summation  teim 
we  extract  the  m-n  term: 

N  \ 

X(£n  -  I  n  -  -  I  ?2  -  D) 

+(X(^n  -  1  n-'^n 

\m=l,m^n  f 

By  neglecting  the  terms  where  -1/  N ,  (because  V  »  1 )  and 
explicitly  introducing  the  averaging  operation  according  to 
(4),  (5)  and  (7),  we  have 


(2a) 


B,(R)  =  ()V/V)|  d^p]  dx  (p(x)  J  dEf,(e) 


X  (£  -  Eq  )  B(x- 1  p  i)  0(x- 1  /?  +  p  I). 
By  integrating  over  the  polar  angle,  we  obtain 

B,{R)  =  {2k  N/V)j^  e<^^(pix)dxf^p^dp 


dT]  oi^x - -Jp^  +  R^  +2pRTi^^ , 


where 


ef  =jd£f,(e)(e-eof. 
For  convenience  let  us  introduce  the  function 
D(x,R,p)  =  (x^-R^  -p^)/(2Rp), 
with  which  we  can  rewrite  (4a)  as 


where 


B,(R)  =  {2k N/V)j ef >  lix)  (p{x)  dx, 

0 

l(x)  =  j^Jix,p)p^dp, 


(3a) 

(4a) 

(5a) 

(6a) 

(7a) 

(8a) 


and 

1 

Jix, p)=  je(D--n) dr]  =  26(0-1)  +  (I +  0)9(1 -D^).  (9a) 

_] 

Integrating  (9a)  with  (8a)and  after  analyzing  the  behavior  of 
D  in  a  Rp -plane,  we  find 

I(x)  =  (2  /  3)  e(2x  -R)x'^[R  /(2x)  - 1]^ [/? /(4a:)  + 1] .  ( 10a) 
After  inserting  (10a)  in  (7a),  we  obtain  formula  (35)  for  the 
correlation  function 

We  also  present  here  the  value  of  the  correlation  function  and 
its derivatn'e  at  R-0 


fi.(O) 

"  vJ  ^  4’. 

V  y  j 

(12a) 

4^’ 

’  =  j  £^^^x^(p{x)dx  / J  x^(p{x)dx , 

0  /  0 

(13a) 

dB^(R) 

\T  ^ 

= - ^  7t  x^£f^(p{x)  dx 

R=0  ^  0 

dR 

(14a) 

REFERENCES 

[1]  V.  L  Khalturin  {a.k.a.  Vladimir  1.  Haltrin),  “On  the 
Dielectric  Permittivity  of  Sea  Water”  (in  Russian), 
Marine  Hydrophys  Research  [Morskie  Gidrofizicheskie 
Issledovaniya],  No.  3(78),  pp.  121-144,  1977. 

[2]  V.  I.  Khalturin  {a.k.a.  Vladimir  I.  Haltrin), 
Computation  of  a  Scattering  Phase  Function  on  a 
Hydrosol  Particles  in  a  Bi-Local  Approximation  (in 
Russian),  Report  #  VINITI  249-84Dep.,  Marine 
Hydrophysical  Institute,  Sevastopol,  1984,  p.  13. 

[3]  L.  L.  Foldy,  “The  Multiple  Scattering  of  Waves. 
1 .  General  Theory  of  Isotropic  Scattering  by 
Randomly  Distributed  Scatterers”,  Phys.  Rev.,  Vol. 
67,  No.3-4,  pp.  107- 119,  1945. 

[4]  V.  I.  Tatarsldi  and  M.  E,  Gertsenshteyn,  “Propagation 
of  Waves  in  a  Medium  with  Strong  Fluctuations  of 
Refractive  Index,”  JETP,  Vol.  44,  No,  2,  pp.  676- 
685,  1963. 

[5]  V.  S.  Vladimirov,  Equations  of  Mathematical  Physics, 
Dekker,  New  York,  1971,  p.  418. 

[6]  V.  I.  Tatarskii,  The  effects  of  Turbulent  Atmosphere 
on  Wave  Propagation,  NOAA  Transl  #  TT-68-50464, 
Washington,  D.C.,  1971,  p.  472. 

[7]  C.  F  Bohren  and  D.  R.  Huffman,  Absorption  and 
Scattering  of  Light  by  Small  Particles,  John  Wiley  & 
Sons,  New  York,  1983,  p.  530. 

[8]  K.  S.  Shifrin,  Scattering  of  Light  in  a  Turbid  Medium, 
NASA  Techn.  Transl.  F-477,  Springfield,  VA,  1968, 

p.  212. 


289 


Simulation  of  RAR  Reflectivity  Maps  of  the  Sea 
Surface  for  Remote  Sensing  Applications 

G.  Corsini,  G.  Manara,  A.  Monorchio 
Department  of  Information  Engineering,  University  of  Pisa 
Via  Diotisalvi  2,  1-56126  Pisa,  Italy  - 
Phone:  +39-50-568511  Fax:  +39-50-568522 
E-mail:  gcorsini@iet.unipi.it,  manara@iet.unipi.it,  mono@iet.unipi.it 


Abstract  -  A  numerical  procedure  for  simulating  the 
scattering  from  the  sea  surface  is  applied  to  the  case  of 
Real  Aperture  Radar  (RAR)  systems  operating  at  low 
and  intermediate  incidence  angles.  The  simulation 
scheme  is  based  on  a  physical  model  of  the  sea  surface 
derived  from  its  two-dimensional  directional  spectrum. 
The  scattered  electromagnetic  field  is  evaluated  by  re¬ 
sorting  to  a  two-scale  electromagnetic  model.  Physical 
parameters  can  be  taken  into  account  in  simulations,  as 
for  instance  the  local  wind  velocity  direction  and  inten¬ 
sity.  Numerical  results  are  presented  and  compared  with 
experimental  data  available  in  the  literature,  in  order  to 
demonstrate  the  effectiveness  of  the  simulation  proce¬ 
dure  proposed. 

INTRODUCTION 

Remote  sensing  observations  of  the  sea  performed 
by  using  active  microwave  systems  are  strongly  influ¬ 
enced  by  a  considerable  number  of  physical  phenomena 
at  the  air-water  interface.  Effective  analytical  models 
for  describing  the  scattering  from  the  sea  surface  cannot 
be  defined  for  all  weather  conditions  (sea  state  and 
wind  velocity)  and  radar  configurations.  In  this  context, 
numerical  analysis  may  represent  a  tool  of  remarkable 
importance  for  a  deeper  understanding  of  the  different 
mechanisms  contributing  to  the  formation  of  the  radar 
backscattered  signal.  In  particular,  a  numerical  simula¬ 
tor  has  been  implemented,  which  allows  to  analyze  the 
performance  of  Real  Aperture  Radars  (RAR)  operating 
in  marine  environments  at  low  and  intermediate  inci¬ 
dence  angles.  Attention  is  focused  on  the  determination 
of  radar  reflectivity  maps. 

The  simulation  procedure  relies  on  a  physical  model 
of  the  interaction  between  electromagnetic  waves  and 
the  sea  surface.  In  particular,  the  sea  surface  is  de¬ 
scribed  in  terms  of  a  classical  two-scale  model.  Given 
the  two-dimensional  surface  height  power  spectrum, 
determined  by  the  local  wind  velocity,  a  profile  of  the 
sea  surface  is  generated.  Moreover,  the  presence  of  long 
wavelength  swells  can  be  also  considered.  This  allows 
to  take  into  account  a  large  variety  of  sea  states  and 
environmental  conditions.  The  generated  profile  is 
modelled  by  means  of  planar  facets  that  are  large  in 
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terms  of  the  incident  electromagnetic  wavelength,  but 
sufficiently  small  to  accurately  interpolate  the  large 
scale  sea  components.  A  small  scale  roughness  is  con¬ 
sidered  on  each  facet,  which  is  originated  by  the  higher 
part  of  the  sea  spectrum.  The  scattering  from  each  facet 
is  evaluated  by  resorting  either  to  Kirchhoff  s  method  or 
to  the  small  perturbation  method,  depending  on  the  lo¬ 
cal  incidence  angle  [1],  [2].  Planar  facets  are  interpreted 
as  basic  elements  for  describing  the  scattered  field.  This 
allows  to  simply  account  for  the  main  effect  to  which 
radar  cross-section  modulation  by  ocean  waves  is  usu¬ 
ally  attributed,  i.e.  tilting  modulation.  The  differences 
between  backscattered  signal  intensities  observed  at  up¬ 
wind  and  downwind  directions  have  been  taken  into  ac¬ 
count  by  introducing,  in  the  determination  of  the  large 
scale  profile,  a  modified  version  of  the  empirical  bis- 
pectram  model  recently  proposed  in  the  literature  [3]. 

NUMERICAL  SIMULATION  SCHEME 

The  RAR  system  simulator  is  based  on  the  physical 
model  describing  electromagnetic  wave  scattering  from 
the  sea  surface.  A  classic  two-scale  electromagnetic 
model  is  adopted,  neglecting,  for  the  sake  of  simplicity, 
effects  due  to  volumetric  scattering.  The  numerical 
code  requires  as  an  input  parameter  the  local  wind  field, 
through  which  the  two-dimensional  sea  wave  spectram 
is  defined.  This  spectram  is  a  function  of  the  sea  wave 
propagation  vector  K  and  can  be  expressed  in  polar 
coordinates  as: 

W{K,^)KdKd<^  =  W{K)gmKdKd^,  (1) 

where  IT(A')  is  the  omnidirectional  sea  wave  spectram, 
O  is  the  standard  angular  cylindrical  coordinate  and 
g(0)  is  a  suitable  directional  function.  A  good  com¬ 
promise  between  accuracy  and  computational  costs  is 
obtained  by  using  the  directional  function  introduced  in 
[3]: 

g(0)=:^{l-Krcos[2(0-0,)]},  |0-0^|<|,  (2) 

where  indicates  the  wind  direction  with  respect  to 
a  standard  two-dimensional  cylindrical  coordinate  sys¬ 
tem  and  r  is  a  factor  which  depends  on  wind  velocity. 


290 


Fig.  1  a)  Sea  surface  height  for  a  wind  velocity  of  14.5  m/s.  The  upwind  direction  forms  an  angle  of  85° 
with  respect  to  antenna  bearing  (range:  right-oriented  horizontal  axis),  b)  Corresponding  reflectivity 
map.  Scene  dimensions  are  696  m  (range)  x  123  m  (azimuth). 


In  particular,  the  expression  given  by  Pierson  and 
Moskovitz  [4]  for  W(K)K,  represents  a  good  fit  to 
available  experimental  results. 

Starting  from  the  low  frequency  part  of  the  two-di¬ 
mensional  power  spectrum,  a  large  scale  profile  of  the 
sea  surface  is  determined  by  summing  up  sinusoidal 
components  with  random  amplitudes  whose  mean 
square  value  is  related  to  VP(A').  This  profile  is  mod¬ 
elled  by  means  of  planar  facets  that  are  large  in  terms  of 
the  incident  radar  wavelength,  but  sufficiently  small  to 
closely  interpolate  the  large  scale  sea  components.  Each 
facet  is  considered  as  a  rough  surface,  with  a  small 
scale  roughness  determined  by  the  higher  part  of  the  sea 
spectmm. 

The  scattering  from  each  facet  is  calculated  by  re¬ 
sorting  either  to  Kirchhoffs  method  [1]  or  to  the  small 
perturbation  method  [2],  depending  if  the  local  inci¬ 
dence  angle  is  smaller  or  greater  than  15°,  respectively. 
In  the  former  case,  it  is  assumed  that  the  small-scale 
roughness  does  not  affect  significantly  the  backscat- 
tered  signal,  so  that  the  facet  surface  can  be  considered 
smooth.  Conversely,  in  the  latter  case,  scattering  is 
dominated  by  the  facet  surface  roughness,  with  the 
small-scale  RMS  height  which  must  be  small,  with  re¬ 
spect  to  the  incident  wavelength,  for  the  small  perturba¬ 
tion  method  to  represent  a  valid  approximation.  In  par¬ 
ticular,  a  random  phase,  uniformly  distributed  in  the  in¬ 
terval  [0,2tc],  is  associated  with  field  contributions  from 
those  facets  treated  with  the  small  perturbation  method. 
This  ambiguity  in  the  phase  can  be  attributed  to  the  un¬ 
known  relative  position  of  the  Bragg's  resonant  ripple 
with  respect  to  the  facet.  By  summing  up  contributions 
from  elementary  facets  the  total  backscattered  field  is 
obtained,  which  directly  provides,  through  processing, 
the  reflectivity  map  of  the  scene  under  investigation.  In 
particular,  the  received  base  band  signal  is  generated  as 


the  sum  of  the  complex  envelopes  of  the  elementary 
echoes  due  to  each  facet  belonging  to  the  radar  resolu¬ 
tion  cell. 

As  previously  mentioned,  the  asymmetry  between 
upwind  and  downwind  scattering  cross-section  mea¬ 
surements  of  the  ocean  surface  is  introduced  by  a  suit¬ 
able  bispectrum  model  [3].  This  asymmetry  is  due  to 
the  difference  in  surface  geometrical  properties  ob¬ 
served  by  the  radar,  caused  by  the  presence  of  the  wind. 
This  latter,  even  under  moderate  blowing  conditions, 
forces  the  crests  of  waves  to  be  tilted  towards  the  wind 
direction.  Such  effects  are  responsible  for  the  nonlin¬ 
earities  often  associated  with  ocean  waves  that  are  con¬ 
nected  with  higher-order  statistics  of  the  sea  surface, 
eventually  modifying  the  surface  probability  density 
function. 

NUMERICAL  RESULTS 

Samples  of  numerical  results  are  shown  here  to 
demonstrate  the  effectiveness  of  the  numerical  simula¬ 
tion  procedure  previously  described.  It  is  important  to 
note  that  the  first  step  of  the  simulation  scheme  consists 
in  defining  the  proper  sea  wave  spectrum,  which  is  the 
main  input  parameter  of  the  RAR  simulator.  An  exam¬ 
ple  of  a  large  scale  sea  height  generated  for  a  wind 
speed  of  14.5  m/s  measured  at  an  altitude  of  19.5  m 
over  the  sea  surface  mean  level,  is  shown  in  Fig.  la. 
Wind  velocity  forms  an  angle  of  85°  with  respect  to 
antenna  bearing  (range),  which  corresponds  to  the  hori¬ 
zontal  axis  in  the  figure.  The  corresponding  reflectivity 
map  obtained  is  shown  in  Fig.  lb.  The  figure  is  ob¬ 
tained  with  a  carrier  frequency  of  1.28  GHz,  for  VV 
polarization  and  with  an  incident  angle  of  28°. 

The  behavior  of  Normalized  Radar  Cross  Section 
(NRCS)  as  a  function  of  the  angle  at  which  the  electro¬ 
magnetic  wave  impinges  on  the  sea  surface  with  respect 


to  grazing  is  analyzed  next.  In  particular,  numerical  re¬ 
sults  obtained  by  the  simulator  (dots)  are  plotted  in 
Fig.  2  and  compared  with  experimental  data  presented 
in  [5]  (dashed  line)  and  [6]  (continuous  line);  the  case 
shown  is  relevant  to  upwind  observation  and  to  the  VV 
polarization  case.  The  values  of  NRCS  produced  by  the 
simulator  have  been  obtained  by  averaging  the  value  of 
the  unit  area  backscattering  coefficient  over  the  illumi¬ 
nated  scene  and  with  a  further  average  over  30  realiza¬ 
tions  of  the  reflectivity  maps  obtained.  It  is  apparent 
that  the  simulator  provides  results  that  are  contained  in 
the  range  of  variability  of  experimental  data.  Similar 
agreements  have  been  obtained  for  HH  polarization. 

The  possibility  of  predicting  the  discussed  asymme¬ 
try  for  upwind  and  downwind  observations  through  the 
introduction  of  the  bispectrum  model  proposed  in  [3]  is 
shown  in  Fig.  3.  Again  the  agreement  with  experimen¬ 
tal  data  is  good.  Statistical  tests  have  also  been  per¬ 
formed  in  order  to  check  the  probability  density  func¬ 
tion  of  the  texture  intensities  of  reconstructed  reflectiv¬ 
ity  maps.  In  particular,  it  has  been  found  that  the  K 
distribution  fits  very  well  the  distribution  of  simulated 
data. 


Fig.  2  Normalized  Radar  Cross  Section  (NRCS) 
as  a  function  of  the  grazing  incidence  angle. 


CONCLUSIONS 

A  simulation  procedure  has  been  described,  which 
can  be  suitably  used  for  generating  realistic  reflectivity 
maps  of  the  sea.  It  is  based  on  a  physical  model  describ¬ 
ing  the  interaction  between  electromagnetic  waves  and 
the  sea  surface.  This  latter  is  characterized  through  its 
two-dimensional  power  spectrum.  Local  wind  field  and 


observation  direction  and  upwind  direction 
(azimuth  angle). 

long  wavelength  swell  are  required  at  the  input  stage  of 
the  numerical  algorithm,  together  with  the  characteristic 
parameters  of  the  radar  system.  Comparisons  with  ex¬ 
perimental  results  presented  in  the  literature  have 
demonstrated  the  effectiveness  of  simulations  in  differ¬ 
ent  environmental  conditions. 
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Abstract  -  The  hybrid  geometric  optical  and  radiative  trans¬ 
fer  (GORT)  model  [1]  for  the  radiation  climate  under  a  discon¬ 
tinuous  canopy  is  simplified  for  easier  application  by  approxi¬ 
mation  of  the  multiple  scattering.  The  ^proximation  involves 
decoupling  the  multiple  scattering  into  path  scattering  within 
the  canopy  layer  and  multiple  bouncing  between  the  canopy 
layer  and  the  ground  surface.  A  three-stream  ^proximation 
is  used  for  multiple  bouncing.  The  path  scattering  (including 
reflectance  and  transmittance)  is  approximated  as  functions  of 
mean  depth  of  single  scattering  source  distribution  and  leaf 
albedo  by  extending  the  analytical  solutions  of  path  scattering 
parameters  for  a  homogeneous  layer  with  limited  optical  thick¬ 
ness.  The  approximated  path  scattering  agrees  reasonably  well 
with  the  numerical  solutions  of  the  GORT  model. 

By  combining  path  scattering  and  multiple  bouncing,  the 
approximated  downwelling  radiation  at  the  forest  floor  and 
upwelling  radiation  at  top  of  the  forest  are  close  to  the  numerical 
solutions  by  the  GORT  model.  The  signature  of  the  sunlit  crown 
surface  can  also  be  approximated  by  the  product  of  the  canopy 
path  reflectance  parameter  and  the  total  gap  probability  in  tbe 
discontinuous  plant  canopies.  Through  this,  the  signature  of 
sunlit  crown  surface,  a  parameter  required  by  the  pure  GO 
model  can  be  derived.  The  calculated  signature  of  sunlit  crown 
surface  agrees  well  with  measurements  made  in  a  conifer  forest 
in  Howland,  Maine. 

INTRODUCTION 

The  hybrid  geometrical-optical  radiative-transfer  (GORT) 
model  was  designed  to  simulate  the  radiation  environment 
above,  within,  and  below  discontinuous  forest  canopies  [1]. 
This  model  incorporates  directly  the  three-dimensional  effects 
of  the  canopy  structure  and  leaf  spectral  properties  on  short¬ 
wave  radiation.  Our  study  [2]  showed  that  GORT  model  has 
more  advantages  than  either  pure  RT  or  pure  GO  approaches 
in  modeling  solar  radiation  transmission  in  discontinuous  plant 
canopies.  But  in  the  GORT  model,  numerical  integration  is 
used  for  successive  orders  of  scattering,  which  makes  GORT 
too  complicated  to  apply  for  canopy  reflectance  modeling.  In 
this  study,  an  approach  based  on  the  analytical  solutions  of  path 
scattering  of  canopies  is  used  to  simplify  the  full  hybrid  GORT 
model. 


PATH  SCATTERING 

FOR  DISCONTINUOUS  PLANT  CANOPIES 

This  study  started  with  the  investigation  of  the  path  scatter¬ 
ing  for  a  homogeneous  layer  with  limited  thickness.  First  a 
semi-infinite  homogeneous  layer  was  divided  into  a  layer  with 
limited  thickness  and  a  semiinfinite  layer.  Based  on  Hike’s 
solutions  of  the  Kubelka-Munk  equation  for  a  semiinfinite  ho¬ 
mogeneous  layer  [3],  the  analytical  formula  of  path  scattering 
parameters  can  be  obtained  by  decoupling  the  multiple  scat¬ 
tering  in  the  semiinfinite  layer  into  multiple  scattering  within 
the  limited  optical  thickness  homogeneous  layer  and  the  multi¬ 
ple  bouncing  between  the  limited  thickness  layer  and  its  lower 
bound  which  is  also  a  semiinfinite  layer.  Detailed  derivation 
is  described  in  [4].  Fig.l  comparies  the  analytical  solutions 
of  path  scattering  with  the  numerical  calculation  from  GORT 
model  for  homog'^neous  canopy  layer.  The  parameter  values 
used  are:  projecteo  foliage  density  (isotropic);  r  =  LOm”^; 
thickness  of  the  layer,  h-  0.5  m,  1.5  m,  2.5  m,  3.5  m,  4.5  m, 
5.5  m;  leaf  albedo,  u  =  0.1, 0.3, 0.5, 0.7, 0.9, 0.95;  solar  zenith 
angle,  Oi  =  0, 15°,  30°,  45°,  60°,  75°,  85°. 


Figure  1;  Comparison  of  analytical  solutions  of  path  scattering 
with  the  numerical  solution  for  homogeneous  layer  with  limited 
optical  thickness 
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In  a  homogeneous  layer,  the  single  scattering  source  distribu¬ 
tion  has  a  maximum  value  at  top  of  the  layer  and  then  decreases 
with  the  depth.  But  for  a  discondnuous  plant  canopy  layer,  the 
maximum  value  of  the  single  scattering  source  is  not  at  the  top 
of  the  layer,  but  at  a  different  depth  dejwnding  on  the  solar 
zenith  angle.  The  path  scattering  formula  for  a  homogeneous 
layer  can  not  directly  apply  to  the  discontinuous  vegetation 
canopies. 

But  Hsqpke’s  hemisphere  albedo  [3]  in  a  homogeneous  semi¬ 
infinite  layer  was  rewritten  as  a  function  of  mean  depth  of 
single  scattering  source  distribution  (SSSD),  and  medium  ele¬ 
ment  albedo.  In  other  words,  no  matter  it  is  direct  sun  beam  or 
isotropic  diffuse  skylight,  the  upwelling  radiation  from  such  a 
semi-infinite  layer  is  a  function  of  the  mean  depth  of  single  scat¬ 
tering  sources  (and  medium  characteristics)  of  this  layer.  With 
the  knowledge  of  the  mean  depth  of  single  scattering  source 
distribution  for  a  discontinuous  canopy  layer,  the  path  scatter¬ 
ing  can  be  approximated  as  functions  of  mean  depth  of  single 
scattering  source  distribution  and  the  medium  characteristics 
by  the  same  approach  described  above. 

In  our  simplified  model  for  discontinuous  plant  canopies,  the 
collided  and  uncollided  parts  of  beam  and  diffuse  irradiance  are 
still  calculated  through  the  GO  approach.  The  collided  radia¬ 
tion  becomes  the  single  scattering  source  (SSS)  within  canopies 
and  the  mean  depth  of  its  distribution  can  also  be  obtained 
through  the  GO  approach.  After  that,  the  formula  for  the  path 
scattering  reflectance  and  transmittance  in  discontinuous  plant 
canopy  layer  is  approximated  as  functions  of  the  mean  depth  of 
single  scattering  source  distribution,  leaf  spherical  albedo  and 
depth  of  the  canopy  layer  by  an  approach  similar  to  the  one 
used  for  the  derivation  of  path  scattering  for  the  homogeneous 
layer.  The  approximated  reflectance  p  and  transmittance  t  are: 


p(Ah)  = 


t{Ah)  = 


R(Ah)  -  fmRjh  -  Ah) 

1  _  f2 

R(h  -  Ah)  -  fmRjAh) 
1-/^ 


(1) 

(2) 


where 


m,h  -  aft)  =  ,  +  2-,T{h  -  aft) 

where  h  is  the  thickness  of  the  canopy  layer,  Afe  is  the  mean 
depth  of  single  scattering  distribution,  7  =  y/l  -  w,  where  w 
is  the  leaf  albedo,  and  t  is  the  projected  foliage  volume  density 
within  a  single  crown. 

For  the  NIR  range,  the  approximated  reflectance  and  trans¬ 
mittance  in  a  conifer  stand  in  Howland,  Maine  were  compared 
with  the  numerical  solutions  by  full  GORT  model,  as  shown 
in  Fig.2.  The  tree  parameters  used  in  the  calculation  are:  the 


horizontal  crown  radius  is  i?  =  2.2m,  the  ratio  of  the  vertical 
radius  to  the  horizontal  radius  is  1.6,  the  count  density  of  the 
crowns  is  0.1161  1/m^.  The  crowns  are  randomly  centered 
between  7.5  m  to  12.3  m  in  height,  effective  leaf  area  index, 
ELAI  =  6.6,  theleafalbedo  is  0.972,  groundsurface  albedo  is 
0.0.  The  path  scattering  reflectance  matches  very  well  with  the 
numerical  solution  by  GORT,  but  the  path  scattering  transmit¬ 
tance  overestimates  the  numerical  solution  by  GORT  a  little. 
In  order  to  test  the  response  of  the  approximated  formula  to  the 
foliage  volume  density  and  the  crown  density,  Fig.2  shows  the 
comparison  between  the  approximated  formula  and  the  GORT 
model  by  decreasing  ELAI  from  6.6  to  2.2,  or  by  decreasing 
crown  density  from  0.116  to  0.0558  Fig.2  also  shows 
that  approximation  accuracy  is  not  so  sensitive  to  the  foliage 
volume  density  and  the  crown  count  density. 

With  the  approximated  path  scattering  formula  for  discon¬ 
tinuous  plant  canopies,  combination  of  the  path  scattering  with 
the  canopy  layer  and  the  multiple  bouncing  between  the  canopy 
layer  and  the  ground  surface  can  be  used  to  approximated  the 
downwelling  radiation  at  the  bottom  of  the  forest  canopy  and 
the  upwelling  radiation  at  top  of  the  canopy.  By  using  this 
approach,  the  first-order  effects  of  crown  geometry  are  retained 
while  we  take  full  advantage  of  analytical  approximations  de¬ 
rived  from  RT  approach  to  handle  multiple  scattering. 


.:GORT 


I  B.AI-6.6,  n=0.1161(1/nn“2) 
°0  20  40  60  80 


.<30RT 


;approxi  mated 


rEljM=2.2,  n=^0.1161(1/m**2) 

20  40  60  80 


.^30RT 


lapproximated 


I  ELAI-6.6.  iv0.1161(1/m**2) 
°0  20  40  60  80 


Figure  2:  Comparison  of  approximated  path  scattering  with  the 
numerical  solutions  by  GORT 


APPROXIMATION 
FOR  DIRECTIONAL  REFLECTANCE 


For  the  bidirectional  reflectance  (BRDF)  calculation,  the 
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pure  GO  approach  requires  the  field  measurements  of  the  sig¬ 
nature  of  sunlit  crown  surface.  Applying  the  approach  we 
described  above,  the  signature  of  the  sunlit  crown  surface  can 
also  be  ^proximated.  Since  the  signature  of  the  sunlit  crown 
surface  is  much  larger  than  the  signature  of  the  shadowed  crown 
surface,  we  can  ^proximate  the  signature  of  sunlit  crown  sur¬ 
face  by  the  product  of  the  path  reflectance  and  the  total  single 
scattering  source  proportion,  which  is  (1  -  Pgap)-  Thble  1 
shows  the  calculated  and  measured  signature  of  sunlit  crown 
surface  in  the  conifer  forest,  Howland,  Maine.  Notice  that 
“measured”  signature  is  defined  as  the  exiting  radiance  from 
the  sunlit  crown  surface,  and  the  “calculated”  one  contains  the 
total  upward  radiance  above  the  canopy,  which  includes  the 
contribution  from  shaded  crown  surface.  Further  refinement 
and  validation  with  field  measurement  is  necessary. 


canopies”,  TF.F.R  Transactions  on  Geoscience  and  Remote 
Sensing,  1995,  vol.33,  pp.466-480. 

[2]  W.  Ni,  X.  Li,  C.E.  Woodcock,  R J.  Roujean,  R.  Davis,  and 
A.  Strahler,  “modeling  solar  radiation  transmission  in  Boreal 
conifer  forests”,  1996  International  Geoscience  and  Remote 
Sensing  Symposium. 

[3]  Hapke,  B.,  “  Bidirectional  reflectance  spectroscopy”.  Jour¬ 
nal  of  Geophysical  Research,  1988,  Vol.86,  No.B4,  pp3039- 
3054. 

[4]  W.  Ni,  X.  Li,  CH.  Woodcock,  and  A.  Strahler,  “  Decou¬ 
pling  path-scattering  of  light  in  a  homogeneous  layer  and 
multiple  bouncing  at  its  non-Lambertian  bottom”,  1996,  to 
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Table  1:  Calculated  and  measured  signature  of  sunlit  crown 
surface  in  Howland,  Maine _ 


szn(‘’) 

measured 

calculated 

58.79 

0.4506 

0.4664 

54.54 

0.4169 

0.4472 

43.47 

0.3498 

0.4094 

42.07 

0.3425 

0.3913 

Meanwhile  careful  measurements  over  sunlit  crown  surface 
are  being  made  now  in  China.  Further  validation  and  better 
approximation  will  be  done  in  the  future  when  these  measure¬ 
ments  are  available. 


DISCUSSION 

Approximation  of  multiple  scattering  for  discontinuous  plant 
canopy  agree  reasonable  well  with  the  numerical  solution  of 
GORT  model.  The  approximated  path  scattering  parameters 
can  also  be  used  for  the  calculation  of  the  signature  of  sunlit 
crown  surface  and  shadowing  crown  surface  for  the  bidirec- 
tionasal  reflectance  calculation. 
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INTRODUCTION 


The  connection  between  the  optical  characteristics  of  the  sea 
water  measured  by  remote  and  in-situ  methods  and 
concentration  of  specific  elements  may  be  formulated  as  an 
inverse  problem.  Here  we  present  a  new  algorithm  for 
estimation  of  water  quality  parameters  such  as  chlorophyll 
pigment  concentration  (Cchl),  absorption  of  "yellow 
substance"  (“y.s”)  (ay(390)),  absorption  of  detritus  (ad(400)), 
and  volume  concentration  of  small  and  large  particles,  (Vsp 
and  VIp)  from  the  spectral  diffuse  attenuation  coefficient 
Kd(7,)  and  other  optical  data.  The  inverse  problem  was 
solved  1^  non-linear  programming  methods  with  adaptive 
strategy. 

Optical  data  were  collected  at  bio-optical  stations  of  P16 
WOCE  e?q}edition  going  along  152°  W  longitude  from  south 
to  north  using  a  Profiling  Spectroradiometer,  MER-2040 
which  measures  spectral  downwelling  irradiance  Ed{z,X) 
and  upwelling  radiance  Lu(z,X)  (for  wavelengths  410, 
441,488,520,565,665  nm)  as  well  as  beam  attenuation 
c(z,660nm),  and  fluorescence  Fl(z).  Chlorophyll 
concentration  values,  measured  in  the  surface  layer  and  at 
fluorescence  maximum  as  well  as  water  type  classification 
based  on  Kd(490)  values  allow  to  say  that  water  belongs  to 
Jerlov’s  water  types  (JWT)  from  lA  to  II  which  correspond 
to  Case  I,  with  phytoplankton  predomination  which  is 
typical  to  open  ocean  [1,2]. 

Kd  MODEL  AND  IT’S  PARAMETERS 


To  obtain  the  water  quality  parameters  from  the  vertical 
attenuation  coefficient  Kd(A.),  the  two-flow  approximation 
was  used 

Kd(;i)  =  a(A,)  +  bb(X),  (1) 

where  a(A,)  and  bb  (X)  are  spectral  coefficients  of  absorption 
and  backscattering.  For  spectral  reconstruction  of  Kd  an 
improved  method,  which  combined  [3,4]  algorithms  was 
used. 

Light  field  structure  was  taken  into  account,  and  Kd  was 
divided  into  a  diffuse,  and  a  direct  components, 

Kd(>.)  =  [a(?i)  +  bb(A.)]  {p(A.)  D(^,e)  +  [1  -  D(A.,e)]/no}  (2) 


where  0  is  the  solar  zenith  angle  in  water,  and 

po=  V  1  -  sin^G  /  n^ ,  n  =  1.34,  is  the  average  cosine  for 
perfectly  diffuse  sky,  which  is  should  equal  1/1 . 16,  D(X,9)  = 
Ed_dif'(Ed_dif  +  Ed_dir)  is  determined  the  diffuse 
component,  i.e.  contribution  of  sky  irradiance  in  the  total 
flux  of  irradiance,  and  it  depends  on  0  and  wavelength  [5]. 
The  dependence  of  D(7,,0)  on  wavelength  and  zenith  angle, 
described  in  [6]. 

For  the  total  volume  attenuation  coefficient  the  following 
model  was  used 

a(X)  =  a^(X)  +  Cchl  achi®P(^)+  ay(X)  +  ad(X),  (3) 

where  a^(7,)  is  the  spectral  absorption  of  clean  water  [7], 

achi®P(^)  is  a  specific  absorption  of  phytoplankton  pigments, 
ay(X)  is  an  absorption  of  “y.s.”,  and  ad(X)  is  absorption  of 
detritus. 

Spectral  specific  absorption  of  phytoplankton  pigments  was 
taken  from  [8]. 

For  detritus  absorption  the  model  of  [10]  was  used 

ad(X)  =  ad  (400)  exp[-0.01 1  (X  -  400)]  (4) 

The  model  of  “y.s.”  absorption  [10]  was  used 

ay(>.)  =  ay(400)  exp[-0.016  (X  -  400)],  (5) 

where  the  exponential  coefficient  was  taken  as  an  average 
value  ranging  from  -0.014  to  -0.019  run*.  In  previous 
research  [11]  this  absorption  model  was  based  on  [9] 

ay(7.)  =  Aay(390)  e?qp[-p  (X  -  500)],  (6) 

where  A=l,  p  =  0.017  run  ’  while  X  <  490  nm  and  A  =0. 154, 
p  =  0.01 1  nm  ’  when  X  s  500  run.  That  model  supposed  that 
“y.s.”  consists  of  two  fractions,  a  variable  fraction  in  spectral 
range  X  S  490  nm,  and  a  conservative  fraction  for  waveband 
X  >  500  nm.  But  one-parameter  spectral  dependence  will 
vary  together  with  significant  variation  of  “y.s.”  content  and 
would  not  ejqjress  the  conservative  properties  of  the  second 
fraction.  On  the  other  hand,  the  above  mentioned  detritus 
absorption  (5)  is  much  more  like  the  second  fraction  of  (6). 
The  model  (6)  may  be  used  as  a  rough  one-parameter 
estimation  of  non-biological  absorption. 
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Following  [13,14]  the  scattering  of  suspended  particles  was 
divided  into  two  components;  scattering  of  large  (mainly 
biological  particles  larger  than  1  mm  in  size  and  having 
refraction  index  n=1.03)  and  small  (mainly  mineral  particles 
less  than  1  mm  in  size  and  with  n  =  1.15)  particles.  So  the 
spectral  scattering  was  described  in  [13]  by  the  following 
equation 

b(^)  =  bw(A.)  +  b  p(>^)Vsp  +  b|p(?.)Vlp,  (7) 

where  b^X)  is  backscattering  of  clean  water,  bsp(X,)=1.1513 

(400/)^)'  ^  (m"  g  )  and  bip(?.)  =  0.341 1(400/).)‘>'  (m^  g  ’  ) 
are  the  specific  scattering  coefficients  for  small  and  large 
particles,  respectively,  and  Vsp  and  VIp  are  volume 
concentration  of  small  and  large  particles  (in  cm^  of  particles 
per  m^  of  water).  For  back-  and  forward-scattering  in  [13] 
there  were  yielded  the  following  expressions: 

HX)  =  0.51v(?^)  +  (l-Bs)bsp(X)  Vsp  +  (l-Bi)bip(X.)Vlp  (8) 

bb(;^)  =  0.5bw(?.)  +  Bsb,p(>.)Vsp  +  B,bip(?.)Vlp ,  (9) 

where  Bs  =  0.039  and  Bi  =  0.00064  are  the  backscattering 
probability  for  small  and  large  particles  respectively. 

From  [12]  we  estimated  volume  concentration  of  large  and 
small  particles  as 

Vlp  =  1.3910'^  +  1.68b(550nm)  (11) 

and 

Vsp  =  [b(550nm)  -  0.312Vlp  - 1.710‘^]  / 1.34  (12) 

THE  MODEL  PARAMETERS  BOUNDARIES 

The  inverse  problem  for  the  of  determination  of  water 
quality  parameters  was  formulated  as  following:  to  find 
model’s  parameters  vector  X  which  provide  minimum  of  the 
function 

F(X)  =  i;[Kdexp(A.)-Kdm(^,X)f ->min,  (13) 

X 

where  Kdejq)  is  experimentally  measured  and  Kdm  is  model 
function  of  the  diffuse  attenuation.  In  addition  to  (13)  there 
are  two  constraints  put  on  the  parameter  vector  X  to  provide 
a  physically  reasonable  solution:  one  sets  the  upper  and 
lower  boundaries  for  vector  X,  and  the  other  one  constrains 
mavimiim  deviation  of  model  and  experimental  spectra.  It 
was  shown  in  [11]  that  while  using  the  least  square  roots 
(LSR)  method  it  is  impossible  to  include  above  mentioned 
constraints,  and  in  some  cases  the  solution  obtained  was  far 
from  physically  reasonable. 

Two  main  problems  of  non-linear  programming  are:  how  to 
find  an  initial  point  of  search  and  how  to  find  physically 
reasonable  boundaries  of  parameters  vector,  i.e.  how  to  find 
the  parameters  constraints. 


We  estimated  the  boundaries  of  the  model  parameters  by 
finding  such  parts  of  the  optical  characteristic  spectrum 
where  a  single  model  parameter  dominates.  Then  while 
neglecting  the  other  model  parameters,  the  upper  boundary 
of  this  parameter  may  be  obtained.  And  from  the  other  part 
of  spectrum  we  calculated  the  lower  boundary.  At  the 
wavelength  of  660  nm,  phytoplankton  absorption  and 
forward  scattering  play  the  main  role  in  contrast  to 
absorption  by  “y.s.”  and  detritus,  together  with 
backscattering  of  small  particles.  So  forward  scattering  may 
be  estimated  as  bf(660)  =  c(660)  -  Kd(660).  Using  (8,9),  on 
the  assumption  that  Vsp=0,  the  upper  boundary  of  Vlp  is 
Vlp”P  =  [bf  (660)  -  0.5  bw(660)]  /  (1-Bi)  bip(660)  (14) 

Then  from  (11,  12)  with  Vlp  equals  to  Vlp”'',  the  lower 
boundary  of  Vsp'"  was  derived. 

Backscattering  (9)  was  subtracting  from  Kds  to  obtain  the 
absorbent  part  Kda()i)  =  Kds(X.)  -  bb(^).  In  the  waveband 
460-510  nm,  Kda  curves  are  convex  [1].  We  supposed  that 
absorption  of  phytopigments  dominates  in  this  waveband, 
because  both  “y.s.”  and  detritus  absorption  spectra  have  the 
concave  shape.  On  the  contrary  in  the  waveband  550-570  nm 
where  the  Kda  is  concave,  non-phytopigment  absorption 
plays  the  main  role.  Thus  the  upper  boundary  of  Cchl  is 
determined  by  LSR  fitting  of  Kda(^)  by  acu  '"(^)  i^ 
waveband  460-510  nm.  In  the  same  way,  the  upper  boundary 
of  ay  (390)  from  (8)  can  be  determined  by  LSR  fitting  of 
Kda(^)  by  ay’'’(A,)  in  the  waveband  550-570  nm.  The  lower 
boundaries  of  these  parameters  are  obtained  by  the  same  way 
from  Kda(>.)-acih(^)  in  the  waveband  550-570  nm  for  ay 
(390)  and  from  Kda(X)  -  ay(>.)  in  the  waveband  460-510  nm 
for  Cchl. 

The  average  of  the  upper  and  lower  boundaries  was  used  as 
the  initial  points  for  optimization. 

RESULTS  AND  DISCUSSION 

For  upper  layer  model's  parameter  Cchl  correlated  with 
measured  values  of  chlorophyll  concentration,  only  two 
points  are  out  of  general  correlation,  where  the  model  over 
estimates  the  concentration  of  Cchl  by  ~  1.5  X  (Fig.  1). 

As  to  lower  layers  ,  where  fluorescence  has  maximum,  and 
chlorophyll  concentration  is  much  higher  correlation 
between  measured  and  calculated  chlorophyll  concentration 
may  be  divided  into  two  types  of  dependence:  for  north 
stations  on  the  one  hand  ,  and  equatorial  and  south  stations 
on  the  other.  We  suggest  two  different  types  of 
phytoplankton  population  dominating  north  and  south  of  the 
equator. 
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Fig.  1.  Measured  (_m)  and  calculated  Fig.  2.  "Yellow  substance"  and  Fig.  3.  Volume  concentartion  of  small 
(_opt)  chlorophyll  concentration  measured  chlorophyll  concentration.  particles  and  "yellow  substance" 


The  same  results  may  be  obtained  from  correlation  between 
absorption  of  '‘y.s.”-detritus  in  comparison  with  measured 
chlorophyll  concentration  (Fig.2).  This  correlation  is  more 
or  less  homogeneous  for  the  upper  layer  and  divided  into  two 
different  dependence  for  lower  layers.  Existence  of  a  high 
correlation  between  chlorophyll  content  and  absorption  of 
‘'y.s.”-detritus  is  typical  of  Case  1  waters. 

For  relatively  clean  waters,  the  contribution  of  “y.s.”  and 
detritus  could  be  hardly  separated.  But  comparison  of  the 
model’s  parameter  corresponding  to  volume  concentration  of 
small  particles  and  absorption  of  “y.s.”-detritus  shows  the 
high  correlation  between  them.  It  may  be  interpreted  that 
contribution  of  detritus  absorption  dominates  in  these  waters. 
For  small  concentration  of  chlorophyll,  detritus  content  is 
very  small,  and  correlation  is  much  lower.  This  effect  is 
more  obvious  in  the  upper  layer.  For  deeper  layers  the 
correlation  is  higher  in  comparison  with  the  upper  layer. 
Moreover  for  deeper  layers  it  may  be  observed  two  type  of 
dependence  (Fig.  3). 

This  research  showed  how  optical  in  situ  measurements  may 
be  used  for  estimation  of  bio-optical  properties  of  Case  1 
waters  primarily  from  the  spectral  difftxse  attenuation 
coefficient.  If  beam  attenuation  were  used  in  addition,  the 
model  permitted  an  estimation  of  back-  and  forward- 
scattering  separately,  which  improved  the  solution  accuracy. 
The  principle  of  the  dominating  parameter  in  specific 
spectral  bands  allows  to  find  physically  reasonable 
boundaries  and  initial  points  to  solve  the  inverse  problem 
non-linear  methods. 
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Abstract-This  paper  is  devoted  to  a  polarization  signal  processing  of  an  active  radar.  The  structure 
synthesis  of  the  polarization  adaptable  radar  receiver  is  made  on  the  basis  of  the  using  nonlinear 
optimal  Markov’s  filtration.  It  was  derived  equations  of  a  measuring  dispersion  estimation  of 
polarization  parameters.  The  receiver  construction  features  was  detected  taking  into  account  a 
parameter  correlation. 

A  radar,  which  use  a  polarization  spacing  of  a  signal  ,  has  the  highest  effectiveness  if  it  adapts  to  the 
receiving  signal  polarization.  Let’s  determine  the  structure  of  such  radar  and  it’s  parameters. 

Suppose  that  an  elliptic  polarized  wave  comes  into  areceiver  input  port 

+  (1) 

where  :  e,  -  are  a  wave  polarization  basis;  (f)  -  are  a  component  of  an  additive  mixture  of  a 
signal  S.  (t)  and  an  interference  n.  (t)  . 

If  wave  unit  vectors  represent  in  a  linear  basis  ,  signal  components  may  be  written  as  [1]: 


SAt)- 


1  +  cos2f(0  cos2y9(0  cos(<y  of  + 


1  -  cos2£(f)cos2y9(f)  cos(<yo^  + 


) 

) 


(2) 


where  :  P-  is  acoefficient’  which  is  proportional  to  the  radiated  power;  £•(/)  -  is  an  ellipticity  angle  of 
a  polarezation  ellipse;  is  an  orientation  angle  of  a  po  ellipse;  co^  -  is  a  carrier  frequency; 

^0  -  is  a  phase  shift. 

Suppose,  that  all  useful  signal  parameters  are  determind  one,  except  the  parameters,  that 
characterize  a  wave  polarization  condion  y0  = /7(f)  and  s  =  s{t)  .  AN  adaptive  radar  structure  is 
found  with  the  help  a  nonlinear  optimal  Markov’s  filtration.  A  state  vector  is  a  two-component  one  in 
this  instance 


A(o = iiAo.£(oir 

where  :  T  -  means  a  transpasition  sign 
And  the  observation  equation  take  a  form: 

£(f)  =  ^(A(f),f)+«(f) 

where  ■.E{t)  =  \E^{t),EAt)f  is  a  specified  realization  vector; 

;>S'(A(f),)  =  ||A,(A(f),f),  A2(A(f),f)||^  is  a  useful  signal  vector  (here  and  below  the  vector  sign  don’t 
use  );  n(t)=  ||«,  (f),«2  (Of  ^  interference  vector ,  which  has  the  following  characteristics 


(n,.(f))  =  0; 

inXt)n,{t  +  T))  =  Ny8{^-T) 


(4) 
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i  =  1,  2  ;  <•>  -  is  a  mathematical  expectation  sign;  ( .  )  -  is  a  Dirak’s  delta  function;  Ny  -  is  a 

covariation  matrix  ,  which  can  be  assumed  as  the  diagonal  one  ,  when  there  are  noncorrelation 
noises  in  receiver  channels. 


"•4 


N,  0 
0  N, 


(5) 


A  radar  structure  optimization  will  be  make  in  accordance  with  the  nonlinear  optimum  Markov's 
filtration  [2],  To  simplify  subsequent  analyses  let’s  assume  ,  that  there  are  an  inherent  receiver  noise 
and  Nx=Ny=0  .  Suppose  ,  that  a  component  normal  a  posteriopi  probability  density  has  an  average 
value  and  cumulant  K^j  .  A  posteriori  dispersion  defines  present  filtering  error.  In  this  case  the 

optimum  filtering  equation  of  a  mathematical  expectation  ofcondion  vector  components  can  be 
received  by  a  substitution  (5)  into  the  equation  for  priori  probability  density  evaluation  value. 


-Up  0 

X 

AP 

+ 

Kps 

X 

F* 

^P 

I 

O 

A£* 

K 

(7) 


where  :  AJ3  -  P*  -  Py  ;  As  =  s*  -  is  a  polarization  ellipse  parameter  definition;  F  -  is  a 
functional  defined  for  signal  nonenergy  parameters  s  and  P  in  the  form; 


(8) 


A  posteriori  distribution  cumulants  can  be  determined  as 
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where  -  is  defined  by  the  equation  (4)  ,  F^j  -  is  second  mix  function  partial  derivative  matrix 
components  F(  A*  ,t)  defined  by  equation  (8) . 

Assume,  that p  (t)  and  s  (t)  are  priori  independent  to  simplify  the  receiver  realization.  This  assumption 

is  correct  for  radiolocation  signals.  For  instace  independent  changes  of  this  parameters  are  possible 
when  radiowaves  are  passing  across  nonhomogeneous  mediums.  In  such  case  it  is  possible  to 
assume  in  a  stationary  mode,  that  K^p  —  Kp^  =  0 .  Let’s  write  down  the  equation  (9)  in  expanded 


form  to  find  out  values  of  Kpp  and  taking  this  fact  into  consideration. 
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(10) 


~  2^ ^  p^pp  ^pp^pp 


Now  let’s  determine  the  cumulants  E^j  in  a  stationary  mode  using  algebraic  methods  of  a  temporary 
averaging  instead  differential  equations  (10). 


^p  '^^p^pp  ^^pp^i 


N,-2a,K^,+KlF: 


(11) 


Let’s  determine  values  of  F  and  F  for  resolving  the  (1 1)  equation  system,  which  equal: 


F*  -  F 

^  pp  ^  SI 


2N, 


(12) 


and  heve  been  determined  taking  into  account,  that  the  members,  which  heve  arguments  ^  and  s  , 


will  be  suppressed  by  filters  or  reductd  considerably.  Then  it  is  possible  to  find  the  filtering  process 
cumulants  by  using  equation  (10)  taking  into  account  the  equation  (12) 


_  2a 


= 


(13) 


The  last  equation  shows,  that  a  signal-to-noise  ratio  increasing  decrease  a  parameter  evaluation 
dispersion  and  a  wandering  intensity  increasing  i.e.  and  increase  it.  In  this  case  in 

accordance  with  the  expanded  form  of  the  optimal  filtration  equation  for  the  polarization  ellipse 
parameter  mathematical  expectation  may  be  written  in  an  operator  form  [3]. 


Ay9  =  K,SpA[E^  -  E^Yosco.t 

GC  n  I  A-' 

P  (14) 

^s  =  -^K,sdE^, -EAcosm.t 
a^+D  ^ 

where  :  5'^-  is  a  controlling  component  characteristicsiope  in  the  evaluation  circuit  ^(t)  ;  is  a 
controlling  component  characteristic  slope  in  the  evaluation  circuit  e{t)  ;  D=d/dt  -  is  an  differentiation 
operator. 

An  optimal  receiver  realizing  diagram  algorithm  may  be  made  with  the  help  of  the  block  diagram 
[Fid.1].  this  diagram  is  in  fact  two  servo  systems  reducing  to  zero  an  effective  value  difference  and  the 
e  and  b  parameterevaluations.  It  is  obvious  that  the  A,  B,  C  function  calculation  can  be  made  both  in 
an  antenna  device  and  on  a  reduced  frequency  after  it’s  transforming.  Such  transforming  may  be 
made  by  a  frequency  fget  generator  converter  (a  multiplier)  serves  to  derive  low  frequency  spectrum 
components.  This  diagram  transmission  gain  of  the  multiplier  equals  toone.  If  it  is  not  so  in  the 

practice  implementation  and  the  transmission  gain  equal  K^,  ,  it  can  be  take  into  account  by  a 
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corresponding  correction  of  the  gain  of  the  and  K2  amplifiers.  In  this  case 

The  assumed  realization  processing  let  to  derive  polarization  ellipse  parameter  evaluations  and 
automatic  control  system  streams  to  minimize  differences  of  y0(t)  -  P*(t)an6  s  (t)  -  £’*(t)  ,  that  in 

fact  means  a  polarization  basis.  The  forming  coordinate  transformer  elements  is  shown  by  dotted  line. 
This  device  may  have  a  difference  implementation. 

A  polarization  ellipse  indepence  don’t  realized  in  some  cases  and  then  Kea  =  0.  The  filtering  algorithm 
(7)  with  allowance  for  (12)  take  form; 

=  -E^\K,A  +  K,C\cosa>„t 

CC  o  I—' 

"  (15) 

^e  =  -^^S.[E^-EJlKfi  +  K.A\cosc»,t 

A  receiver  development  algorithm,  adapting  to  a  polarization  in  accordance  with  (15)  let  to  synthesize 
the  block  diagram  shown  on  Fig. 2.  The  block  diagram  comparison  (Fig.1  and  Fig. 2)  shows,  that  if  s 
(t)  and  p  (t)  is  correlated  additional  cross  couplings  are  arriving  between  the  e  and  b  channels. 

The  equation  to  define  the  cumulants  of  the  correlated  channels  can  be  written  by  using  realizing 
algrithm  as: 

.^N,-2a.K.,+KlF:,+K%F;,=0  (16) 

-a.(r„  +Ki^)-a,(K„  +K„)  +  Ki^Ki^r^ =  0 

The  system  (16)  in  an  analyticalform  can’t  be  solved,  that  iswhy  it’s  numerical  methods  solution  is 
presented  graphically  on  Fig.3.  As  follows  from  this  graphics  subject  to  the  s  and  fS  parameter 
equality  the  e  and  b  parameter  a  posteriori  dispersion  are  equal.  As  the  s  parameter  goes  up,  which 
means  the  s{t)  priori  dispersion  decreasing,  the  cumulant  is  decreased.  The  signal-to-noise 

ratio  increasing  decrease  the  cumulant  significantly,  but  with  a  high  parameter  meaning  this 

decreasing  is  practically  imperceptible.  The  same  situation  can  be  during  a  cumulant  behavior 
analyses,  when  ^  and  9  change. 

So  the  structure  of  the  optimal  radar  receiver  adapting  to  polarization  parameters  is  defined  and  there 
accurate  characteristics  is  derived  in  this  work,  that  let  to  define  there  maximum  achievable  values. 
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Fig  1.  Block  Diagram  of  optimal  receiver  as  adopts  to  polarizational  ellipse  parameters 


Fig  2.  Block  Diagram  of  optimal  receiver  separatingpolarizing  ellipse  geometric  parameters  in 
presence  of  statistic  comunication  between  parameters 
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Fig  3.  Dependent  of  a  parameter  apostoriori  distribution  cumulant  from  signal/noise  ratio  changing  y 
=10 
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Abstract  -  A  new  approach  is  proposed  for  the  calculation  of 
irradiances,  diffuse  attenuation  coefficients  and  diffuse 
reflectances  in  waters  with  arbitrary  scattering  and  absorption 
coefficients,  arbitrary  conditions  of  illumination  and  a  bottom 
with  Lambertian  albedo.  The  two-stream  approach  adopted 
here  utilizes  experimental  dependencies  of  mean  cosines  from 
inherent  optical  properties  in  order  to  achieve  appropriate 
accuracy.  This  approach  can  be  successfully  used  for 
calculation  of  apparent  optical  properties  in  both  open  and 
coastal  oceanic  waters,  lakes  and  rivers. 

INTRODUCTION 

For  many  practical  applications  of  remote  sensing  such  as 
the  inference  of  the  diffuse  attenuation  coefficient  and 
component  inversion  it  is  sufficient  to  know  only  the  integral 
characteristics  of  the  light  field  such  as  upward  and  downward 
irradiances  or  reflectances.  Present  models  used  in  remote 
sensing  applications  for  radiative  transfer  employ  simple  two- 
flow  or  quasi-single  scattering  approximations  which  suffer 
from  limited  validity  over  the  dynamic  range  of  optical 
properties  found  in  the  ocean.  However  the  limitation  to  open 
ocean  water  types  restricts  the  general  usage  of  these  models. 
Remote  sensing  applications  would  be  greatly  enhanced  if  we 
add  to  it  a  simple  model  that  can  be  used  over  all  water  types, 
turbid  to  open  ocean.  We  present  a  semi-empirical  model  that 
incorporates  laboratory  and  in  situ  measurements  of  optical 
properties  [1,  2]  to  encompass  the  entire  range  of  natural 
waters. 

We  start  from  an  exact  equation  for  irradiances  denved  from 
the  scalar  transfer  equation.  To  make  this  equation  solvable  it 
is  necessary,  however,  to  approximate  the  resulting 
coefficients  of  the  system  of  two-flow  equations.  Due  to  the 
inaccuracy  inherent  in  the  approximations,  previous 
approaches  [3]  have  resulted  in  insufficient  accuracy  over 
some  portions  of  the  natural  range  of  optical  parameters.  We 
use  two  main  steps  to  reduce  the  exact,  but  analytically 
unsolvable,  system  of  equations  to  an  approximate  system 
which  can  be  easily  solved.  The  first  step  consists  of 
replacing  the  initial  arbitrary  phase  function  with  the 
transport  phase  function.  This  greatly  simplifies  the 
equations,  but  introduces  excessive  error.  We  reclaim  the  lost 
accuracy,  in  the  next  step,  by  introducing  empirical 


relationships  between  the  upward  and  downward  cosines  and 
total  mean  cosine  derived  from  laboratory  and  in  situ  data  [1]. 

In  the  case  of  coastal  waters  it  will  be  more  consistent  to 
take  into  account  variability  of  upward,  downward  and  total 
mean  cosines  ( ^„,  M )  or  their  functional  dependence  on 
inherent  optical  properties.  The  experimental  (modeled  and 
measured  in-situ)  data  of  Timofeyeva  [1,  2]  show  that  with 

the  change  of  x- Bco^jiX-co^^v  BcOq)  between  0  and  1  (here 
(Oq  is  the  single-scattering  albedo  and  B  is  the  probability  of 
backscattering)  the  total  mean  cosine  Ji  also  varies  between  0 
and  1,  the  upward  mean  cosine  Ji^  decreases  from  1  to  --0.25 
at  x~0.08  and  then  increases  to  0.5  at  a:  =  1,  and  the 
downward  mean  cosine  decreases  from  1  to  0.5. 

The  main  purpose  of  this  work  is  to  obtain  equations 
which  relate  inherent  optical  to  apparent  optical  properties  for 
any  input  radiance  distribution.  These  equations,  which  are 
convenient  and  precise,  are  valid  in  the  complete  range  of 
variability  of  optical  properties  of  natural  water. 

In  transfer  theory,  requirements  of  both  simplicity  and 
precision  are  mutually  exclusive.  For  a  successful  resolution 
of  the  problem,  therefore,  we  have  accepted  a  compromise  by 
determining  the  degree  of  simplicity  and  precision. 

In  solving  our  problem  we  will  use  the  self-consistent 
method  proposed  in  [4].  For  a  better  understanding  of  the  idea 
of  this  method,  we  quote  an  example  from  classical 
mechanics  [5],  from  which  it  was  adopted.  Suppose  we  have 
to  obtain  the  equation  of  motion  of  a  material  body  around 
some  center  of  attraction.  The  law  of  attraction  is  unknown  to 
us,  or  it  is  known  only  partially,  but  in  addition  we  have 
some  information  on  the  shape  of  trajectories  in  the  form  of 
dependencies  between  integral  parameters  of  these  trajectories. 
This  problem  can  be  solved  provided  we  use  the  available 
information  to  constrain  the  acceptable  solutions.  In  this 
example  the  knowledge  of  additional  information  on 
consequences  (trajectory  parameters)  has  made  it  possible  to 
compensate  for  the  lack  of  information  on  causes  (attraction 
forces). 

In  the  theory  of  radiative  transfer  the  main  causes  are  the 
inherent  optical  properties  such  as  the  scattering  law 
characteristics  (volume  scattering  and  single  scattering 
albedo),  and  the  main  consequences  are  the  apparent  optical 
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properties,  such  as  the  angular  distribution  of  radiance,  as  a 
functions  of  depth.  In  general,  the  volume  scattering  function 
is  only  approximately  known,  with  unknown  precision.  It  is 
impossible  in  general  to  calculate  the  volume  scattering 
function  of  an  actual  medium  because  in  many  cases  the 
shape  of  the  scattering  particles  is  irregular  and  often  exotic, 
with  the  optical  characteristics  of  these  particles  known  only 
approximately.  Experimental  measurements  of  the  volume 
scattering  function  in  the  small-angles  regime  becomes 
complicated  due  to  difficulty  in  discriminating  between 
unscattered  and  forward  scattered  light.  The  measurements  of 
the  volume  scattering  function  in  the  range  of  angles  close  to 
the  backward  direction  are  in  principal  impossible  because  one 
cannot  install  a  receiver  before  or  behind  an  emitter  without 
considerable  distortion  in  the  process  of  measurement.  To 
overcome  this,  beam  splitting  of  backscattered  light  has  been 
utilized  with  some  success.  On  the  contrary  because,  as  a 
rule,  the  angular  distribution  of  the  scattered  light  at  depth  is 
always  less  anisotropic  than  the  volume  scattering  function, 
and  the  anisotropy  of  the  direct  light  of  the  outer  sources  is 
known,  the  measurements  of  radiance  distribution  are  less 
difficult,  and  the  precision  of  these  measurements  is  restricted 
only  by  the  perfection  of  the  measuring  device. 

TTius,  in  our  attempts  to  solve  the  problem  of  light  field 
calculation  in  a  scattering  and  absorbing  medium,  we  restrict 
ourselves  to  the  simplest  transport  approximation  of  the 
volume  scattering  function.  The  information,  which  we  lose 
through  this  simplification,  is  restored  by  accepting 
functional  dependencies  between  integral  parameters  of  the 
radiance  angular  distribution,  which  are  derived  from  an 
approximation  of  experimental  data. 

FORMULATION  OF  THE  PROBLEM 

We  shall  start  from  the  scalar  equation  describing  the 
transport  of  optical  radiation  in  a  layer  of  a  scattering  and 
absorbing  medium  of  thickness  H 

COS0—+C  mz,0,(p)  =  —\LXz,9',(p')p(Y)dQ:,  (1) 

^  dz  J  4;r‘' 

where  L,(z,0,^)  is  the  spectral  density  of  the  energetic 
radiance  (or,  simply,  radiance)  of  light,  G  and  (p  are  the 
zenith  and  azimuth  angles  in  the  direction  of  light 
propagation,  measured  from  the  positive  direction  of  the  Oz- 
axis,  c  -  c:-\-h  is  the  extinction  (attenuation)  coefficient,  a 
is  the  absorption  coefficient,  b  is  the  scattering  coefficient, 
dQ^sinGdOdcp  is  the  element  of  solid  angle,  p(y)  is  the 
volume  scattering  function.  Here  7  is  the  light  scattering 
angle,  which  is  determined  from  the  relation: 
cos7  =  /i^'+  ji'^)  cos((p-(p'),  where 

p  =  cos^,  p'  =  COS0',  and  the  phase  function  is  normalizeU 
as  follows:  | p(Y)dQ,'  -  An.  The  system  of  coordinates  here 

is  chosen  so  that  the  ;cy -plane  coincides  with  the  outer 
boundary  of  the  medium  on  which  the  radiation  is  incident, 
while  the  Oz-axis  is  oriented  into  the  medium. 


In  an  anisotropic  light-scattering  media  the  phase 
function  piy)  has  a  distinct  diffraction  peak  near  7  =  0.  The 
light  rays  scattered  in  a  small  solid  angle  near  the  forward 
direction  (7  =  0)  form  the  halo  part  of  the  scattered  light  and 
are,  for  many  applications,  indistinguishable  from  the 
unscattered  rays.  This  suggests  that  the  halo  part  of  the  rays 
should  not  be  regarded  as  scattered  rays,  i.e.  the  forward 
diffraction  peak  can  be  eliminated  from  the  volume  scattering 
function  [4]. 

W'e  separate  the  main  part  of  the  halo  rays  by 
representing  the  volume  scattering  function  as  a  sum  of 
isotropic  and  anisotropic  components: 

piY)  =  2B  +  il-2B)p,(Y). 

MY)  =  [piY)-2B]/{l-2B),  I p,(Y)dCl'  =  47:, 
where  5  =  0.5j^^^/7(7)sin7^7  is  the  probability  of  scatte¬ 
ring  into  the  backward  hemisphere.  When  the  elongation  of 
the  phase  function  is  increased,  the  relation 
li^^  p^  (7)  =  2  5(1  -  cos  7)  =  47r  5{(p  -  (p')  5{p  -  p')  exists, 

where  5(jc)  is  the  Dirac  delta-function.  As  B-^0  the  phase 
function  piy)  equals  the  transport  phase  function 

(7)  =  2R  +  2  (1  -  2B)  5(1  -  cos  7),  j  p^  (7)  dQ'  =  4;r .  (3) 

Substituting  />(7)  =  p,  (7)  +  (1  -  2R)[/7^  (7)  -  2  5(1  -  cos  7)] 
into  (1),  we  get 

(p-^  +  a ]L,(T,e,(p)  =  :^j  L,(r,0', (p')dQ.'  + 

'v  dx  ) 

xi\-2B)  f|-  L,{x,9',(p')dQ.\ 

AkB  ^ 


where  a  =  l  +  x,  x  =  byl{a’¥b^)  ^  B(OqI{\-o:)q  +  Bco^), 
5^  =  bB  is  the  backs cattering  coefficient;  =  5  /{a  +  b)  is 
the  single  scattering  albedo,  and  r  =  z(a  +  5^)  is  the 
transport  optical  depth. 

Let  L^{p,<p)  be  the  radiance  of  external  sources  at 
T  =  +0  (z  =  +0)  (below  water  surface)  and  L(t,  p,  (p)  be  the 
radiance  of  the  scattered  component  minus  the  halo  rays  at  the 
optical  depth  r.  In  this  case  the  total  radiance  distribution 
Lj(r,p,(p)  ^  L^{z,p,(p)  can  be  expressed  as 
h  (t,  p,  (p)  =  L(t,  p,  (p)  +  {p,  (p)  Sip)  exp(-a  rip),  (5) 

where  Gip)  is  the  Heavyside  (or  step)  function  defined  by: 
G{p)-\,p>0\G{p)-0,p<0,  In  this  case  a  is  the 
attenuation  coefficient  for  the  sum  of  forward  and  halo  rays. 
In  (5)  we  assume  that  either  the  layer  of  scattering  medium  is 
optically  thick  {  or  (^z  +  5^ )  //  =  (a  +  2  5^ )  //  »  l} ,  or  that  its 

lower  boundary  reflects  light  according  to  Lambert’s  law. 
Substituting  (5)  into  (4),  we  obtain  an  equation  for  the 
radiance  of  the  scattered  light  (without  halo) 

where  Er^(x)  is  the  scalar  irradiance  by  diffuse  light, 

£0(7)  =  W  \^L(x,n,f)dji,  (7) 
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(17) 


g{T,  jX,  (p)  is  the  source  function 

g(T, \i, (P)  =  — -  \  d(pi  p{y) L  {u',(p’)e- dn' 

2B  •'®  (8) 

-[IK  X  (I- 2B)/B]L^(^l,(p)e~, 

A(  T,  /i,  ^))  =  [ixBjd  -2B)]C’'  d(p'  X 

(9) 

r,  [Px  -  2  5(1  -  cos  y )]  L(t,  h\ (p')  dp-'. 

Equation  (6)  is  totally  equivalent  to  (1).  introduction  of  the 
function  in  (6)  corresponds  to  including  the  halo 

rays  in  the  nonscattered  light.  The  expression  (9)  completely 
vanishes  in  two  limiting  cases:  (a)  for  isotropic  scattering: 
/?(/)  =  1  at  5  =  0.5,  and  (b)  for  extremely  anisotropic 

scattering:  p(y)  =  25(1 -cosy)  at  5  =  0. 

ENHANCED  TWO-FLOW  APPROXIMATION 

Equation  (6)  for  arbitrary  p(y)  cannot  be  solved 
analytically.  But  if  we  neglect  the  term  A  compared  to 
xEQ+g  ,  we  reduce  the  problem  to  the  case  of  an  exactly 
solvable  transport  approximation.  However  in  doing  so  we 
decrease  the  accuracy  of  our  results. 

In  order  to  overcome  this  shortcoming  we  propose  to  solve 
(6)  in  the  terms  of  self-consistent  approximation  [4].  This 
consists  of  neglecting  the  value  A  in  comparison  with 
xE^+g  ,  and  but  then  taking  it  into  account  later  by 
evaluating  the  quantity  xE^^+g  through  the  two-flow 
approximation.  This  technique  requires  empirical  dependencies 
between  the  integral  parameters  of  radiance  distribution, 
which  have  been  derived  from  experimental  data. 

We  introduce  downward  (E^)  and  upward  (E^)  irradiances 


by  diffuse  light  (without  halo) 

Ej(r)  =  j^d(pl)L(T,p.,(p)ixdix,  (10) 

E,(r)  =  -  ix,(p)ixdix,  (11) 

and  scalar  irradiances  by  diffuse  light  (without  halo) 

Eod (^■)  =  ^'(^■. P,(P)  dp,  (1 2) 

Equ (^)  =  JoM-i dp.  (\ 3) 


Average  downward  and  upward  cosines  of  the  diffuse  light 
distribution  (without  halo)  would  be 

p,(r)  =  E,{r)/E,,(r),  p„(r)  =  E^(r)IE,^(r).  (14) 

We  introduce  average  cosine  for  the  diffuse  light  distribution 

p(r)  =  Lir, p,  f)pdpl f ^ L(r, p,(p)  dp,  (13) 

Applying  the  operators  jScp^^dp...,  j^dcpj^^dp...  on  (6) 

with  A  =  0,  using  (10)-(14)  and  replacing  the  average  cosines 
jUy(T)  (/  =  1,2)  (indices  1  and  2  are  equivalent,  respectively,  to 
the  indices  d  and  u)  by  their  values  deep  in  the  layer,  we 
obtain  from  (6) 

D.,(t)5,(t)  =  /.(t),  i,A:  =  l,2,  (16) 


where 


D>,{r)= 


dr 


f  d  1 

+  — 

Pd 

X 

Pd 


\ 


Pu 

■—+— 
dr  P„ 


•2jr  /»! 

f,(i;)  =  {x/ B)jd(pl[2B-y/{p)]L^ip,(p)e- ^^dp  ,  (18) 


/^(T)  =  {x/ B)l^3(piy{p)L^(p,(p)e-'‘^ dp  ,  (19) 


1  1  1  27Z 

¥iP)  =  ::l  Pj-P\p)dp’,  P„{p\p)^  —  \  p(r)d<p. (20) 

Z  0  ^^0 

Here  and  further  in  this  paper  repeated  indices  imply 
summation. 

We  shall  look  for  solution  of  (16)  in  the  form  of  a  sum  of 
the  general  and  particular  solutions 


5;(t)  =  A  a.  exp(£jT}f  P  p.  exp(e2^) 

+ "  G,.J.  (T  -  t')  /,  (t')  dr',  i,k  =  1,2, 

where  and  £3  ^t’e  eigenvalues  of  equation  (16),  and  G^f.  is 
the  Green’s  matrix  of  this  equation,  which  satisfies  the 
equation  Gif,  (T)  =  5*^^  5(t)  . 

Before  writing  down  the  solutions  of  (21)  let  us  find 
eigenvalues  £|  and  £2-  Inserting  (21)  into  (16)  we  obtain 

£ '  - e ( yPu  -VPd)-[^-x^)l{PuPd)  =  ^^  (22) 


Before  solving  the  quadratic  equation  (22),  let  us  determine 
the  functional  dependencies  of  the  average  cosines  on 

optical  parameters  of  the  medium.  In  the  majority  of  two- 
stream  theories  [3,  7]  the  quantities  and  are  considered 
as  independent  of  the  optical  properties  of  the  medium  and 
such  an  assumption  leads  to  significant  reduction  of  accuracy 
in  those  approaches. 

In  this  work  we  shall  adopt  the  following  two  suppositions 
of  the  self-consistent  approach: 

(a)  We  shall  assume  that  neglecting  A  in  (18)-(19)  does 
not  have  any  influence  on  the  magnitude  of  the  negative 
eigenvalue  of  the  system  of  equations  (16),  i.e.  we  assume 
that  it  is  equal  to  its  exact  value  £^ 

-e=£,^(l-x)//7.  (23) 

(b)  We  will  suppose  that  values  and  are  functions  of 
the  mean  cosine  jl  and  adopt  the  functional  dependencies 

and  which  results  from  experiment. 

After  accepting  these  assumptions  we  can  express  the 
parameter  x  on  /I  by  installing  (23)  into  (22) 


x  =  [p  +  p„ip)][pj{p)-p ]/[p„ (p)Pjip)  +  p^],  (24) 
By  inserting  into  (24)  experimental  values  of  p,  and  fi^ 
[1,  2],  we  obtain  the  corresponding  values  of  x  (see  Table  1). 
Table  1  makes  it  possible  to  obtain  empirical  dependencies 
which  connect  mean  cosines,  diffuse  reflectance  and 


coefficient  /:  =  5^(x)/x  to  the  medium  parameter 
x  =  bj{a-¥bi,)  =  B®o/(l  -  Wq  +  • 

By  imposing  the  condition  of  realization  of  asymptotic 
behavior  of  at  small  x  and  (1-x)  given  in  [8]: 
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Table  1. 


p 

R^ 

X 

RJx 

0 

0.5 

0.5 

1.0 

1.0 

1.0 

0.1 

0.5249 

0.4831 

0.671 

0.9408 

0.7132 

0.2 

0.5525 

0.4545 

0.443 

0.7970 

0.5550 

0.3 

0.5834 

0.4202 

0.283 

0.6179 

0.4580 

0.4 

0.6184 

0.3745 

0.171 

0.4439 

0.3852 

0.5 

0.6566 

0.3311 

0.095 

0.2959 

0.3211 

0.6 

0.7008 

0.3003 

0.048 

0.1802 

0.2664 

0.7 

0.7536 

0.2857 

0.0207 

0.0967 

0.2141 

0.8 

0.8217 

0.3610 

0.0082 

0.0413 

0.1985 

0.9 

0.9033 

0.6849 

0.0016 

0.0101 

0.1584 

1.0 

1.0 

1.0 

0.0 

0.0 

0.25 

Experiment  [1,  2‘ 

Eqn.  (24) 

xIA,  ;c«l  (orl-jU«l), 

we  can  obtain  from  the  data  of  Table  1  the  following 

equations  _  6  „ 

Ji  =  ao  +  il-ag)^|l-x+^  a„xl, 


n=l 

/J=0 

r  ^  ^ 

2n 


expl 


Vn=0 


y 


(26) 

\2-Ji),  (27) 

(2-?),  (28) 


“  1  +  M/M„ 


(l-iU)^ 


n=0 


1  +  jU  exp 


f  4 

v^n=0 


.(29) 


/t  =  j  +  do(l  -  VT^ )  +  ^(,  +  V^(l  -  VX  <  ^"''-(^o) 

4  ^  /  n^2 

The  values  of  coefficients  and  are  given  in 

Table  2.  The  correlation  coefficients  between  the  quantities  of 
parameters  given  in  Table  1  and  those  computed  by  (26)-(30) 
in  all  cases  exceed  0.99,  and  mean  quadratic  deviations  are  less 
then  3%. 

The  functional  dependencies  of  the  experimental  values  of 
and  values  computed  with  (26)-(30)  are  shown 


on  Fig.l. 

With  inclusion  of  empirical  equations  (26)-(28),  (22)  and 
(23)  will  give  us  the  following  dependencies  for  the 
eigenvalues  and  82 : 

Table  2. 


n 

an 

bn 

Cn 

dn 

rn 

0 

0.5918 

0.0326 

-0.0131 

1.6330 

0.7500 

1 

-0.7937 

0.1661 

8.4423 

-0.8830 

0.3750 

2 

4.8350 

0.7785 

-15.6605 

0.4631 

25.3315 

_3_ 

-22.8150 

0.0228 

21.8820 

2.3442 

-83.6066 

42.6859 

-11.2257 

-6.0841 

24.7228 

5 

-35.8945 

7.5933 

130.6733 

6 

11.3905 

-3.8215 

-105.6769 

-^1  -  Ofoo  =  (1  “  *  (31) 

£j  s  OTo  =  l/jU„  -  l/lXj  +  (1  -  x)/JI  ,  (32) 

It  is  easy  to  show  that  the  Green’s  matrix  of  (16)  has 

the  following  form:  (33) 


G,*.(7)  = 


1 


a,  =P2  =1. 


e{x)e 


Ro 

1 


e{-r)e^ 


1- 


■RoR^ 


(35) 


(36) 


i-RoR^ 

and  a,  =  P2  =  1.  ^i-R^’  Pi  =  ^  >  (34) 

where  ^  iim^£„(T)/£,(T)  =  /tj/(l  +  P  /  P„) 

=  /!„  (1  -  a^iiij  )f{xnj)  =  x  /[/i/l  +  )] , 

is  the  diffuse  reflectance  of  an  infinitely  thick  layer  at  T  » 1, 
R^  =  lim  (t)/£'()j(t)  =  —  ix)l  (/i„  +  m) 

r-»oo 

=  /Pu  =  (1  -  )/^  =  ^  /(I  +  J  . 

Substituting  (33)  and  (34)  into  (21)  and  imposing  boundary 
conditions  at  T  =  0  and  't„  =  H{a  +  b,,)'. 

£,(0)  =  £o.  ESX„)  =  A,[E,{^„)  +  Ef{.x„)]  (37) 

where  Ag  is  the  albedo  of  the  lower  boundary  and  £/  (T)  is 
the  total  flux  of  the  unscattered  and  halo  rays 

£/ (T)  =  L^ii^,(p) exp(-aT//t) n dfi  ,  (38) 

we  obtain  the  equations  for  the  descending  and  ascending 


Fig.l  Dependencies  of  the  integral  light  field  parameters 
ju,  and  on  the  parameter  x.  The  filled 

symbols  denote  experimental  values,  while  others 
correspond  to  computed  ones. 
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fluxes  of  diffuse  radiation  (without  halo) 

=  +  ,  (39) 

£„(t)  =  K [£o  +M(r)]e-“-'  +iV(T)(e““^ -R,  (40) 

where 

m(t) = (1  -  r  {[/,  (TO + /Jo  fi  ( -')]  ^ 

^  JO  Ll 

-/Jo[/?./,(T0  +  /2(T0]e-“"^}dT'. 

/V(T)  =  (A^  -/?„)(/?o  A„y'  [E,  +  M(r„)]e-''^''  + 

(1 -/Jo  /?„)■*  |J"[/?.  Mr')  +  Mr')]e-^^^dr'+  (42) 

A„  =  R^  -A,+(A,-R„)e-'^\ 

V = ao +«.--(/?:' -/Jo)^.. 

For  totally  diffuse  illumination  of  the  medium  we  assume 
that  the  light  flux  from  external  sources  passing  through  the 
upper  boundary 

lit  1 

e;  =  E/(0)  =  jd(pj  L^iii,(p)iidn  (44) 

0  0 

is  completely  diffuse  and  we  take  it  into  account  by  the 
boundary  condition  E^{G)  =  ,  while  we  set  f-[x)  equal  to 

zero.  In  addition,  making  the  substitutions  Eq  =  E^!  . 
M(t)  =  0  ,  N(x)  =  (A^  -  RJE^^  (/Jo  A„y^e-'^»  in  (35),  we 

E,(t)  =e;a-4(/Jo‘  -  A^)exp(-a„T  ) 

^  (45) 

+(Ab  -  /J> )  exp[-ao  (r„  -  t)  -  a^r„  ]} , 

£„(t)  =e;a-4/J„(/Jo’‘  -  A,)exp(-a„T  ) 

^  (46) 

[( Afl  —  /J„  )/  /Jq  ]  CXp[— (Zjj  (X[]  —  T  i  —  Q  ^T;^  j| , 

Now  we  calculate  the  transmittance  of  the  layer  (0,  r^)  for 
diffuse  light  T{r)  =  E^(r)/  E^(0)  and  the  diffuse  reflectance 
R{r)  =  E^{r)/ Ej(t).  Using  (44)-(46),  we  obtain 

,  (/Jo’’ -A„)  +  (A.-/J^)e'''‘"''-^'  ,  , 

_  p  (/^-‘  -  As)+  (A«  -  /JJ(/Jo  /JJ-'e-'"^-^' 

The  functional  dependencies  of  ,  Rq  ,  upon  the 

parameters  of  medium  a  and  are  determined  by  (26)-(29), 
(31),  (32),  and  (36). 

In  the  limiting  case  of  optically  thick  layer 

(H  »[(aQ’\-a^)(a  +  bf^)]~\  R—>  R^)  it  is  possible  to  ex¬ 
press  parameter  x  -  /{a  +  bj^)  in  terms  of  the 

experimentally  measurable  quantity  R^  Using  the  data  of 
Table  1  and  the  asymptotic  conditions  given  by  (25),  we  get 
the  following  empirical  equation 


x  =  l-(l-/J„)"{r,-ro(l-/JJ 
+  il-Ry  l  +  /i-t  r„/J„¥ 

fi=2 

The  coefficients  are  given  in  Table  2.  The  correlation 
coefficient  between  the  calculated  via  (49)  values  and 
experimental  data  exceeds  0.99. 

CONCLUSION 

Our  method  of  calculation  is  found  to  produce  results  with 
accuracies  in  the  range  of  15%  for  all  types  of  natural  water 
optical  situations  (open  ocean  to  coastal  environments). 
Comparison  with  Monte-Carlo  simulations  shows  that  (49) 
can  be  used  for  processing  remotely  sensed  data  collected  over 
coastal  and  open  ocean  areas  with  the  same  15%  precision. 

ACKNOWLEDGMENT 

The  authors  wish  to  thank  continuing  support  at  the  Naval 
Research  Laboratory  through  the  Littoral  Optical 
Environment  (LOE  6640-06)  and  Optical  Oceanography 
(00  73-5051-05)  programs.  This  article  represents  NRL 
contribution  NRL/PP/733 1-95-0087. 


REFERENCES 

[1]  V.  A.  Timofeyeva,  “Relation  Between  the  Optical 
Coefficients  Turbid  Media,”  Izvestiya  USSR  AS, 
Atmos.  Ocean  Physics,  Vol.  8,  pp.  654-656,  1972. 

[2]  V.  A.  Timofeyeva,  “Determination  of  Light-Field 
Parameters  in  the  Depth  Regime  from  Irradiance 
Measurements,’'  Izvestiya  USSR  Acad.  Sci.,  Atmos. 
Ocean  Physics,  Vol.  15,  pp.  774-776,  1979. 

[3]  W.  E.  Meador,  and  W.  R.  Weaver,  “Two-Stream 
Approximations  to  Radiative  Transfer  in  Planetary 
Atmospheres:  A  Unified  Description  of  Existing 
Methods  and  a  New  Improvement,”  J.  Atmos.  Sciences, 
Vol.  37,  pp.  630-643,  1980. 

[4]  V.  1.  Khalturin  (a.  k.  a.  Vladimir  1.  Haltrin),  “The  Self- 
Consistent  Two-Stream  Approximation  in  Radiative 
Transfer  Theory  for  the  Media  with  Anisotropic 
Scattering,”  Izvestiya  USSR  Acad.  Sci.,  Atmos.  Ocean 
Physics,  Vol.  21,  p.452-457,  1985. 

[5]  F.  R.  Gantmakher,  Lectures  on  Analytical  Mechanics, 
Chelsey  Publ.  Co.,  New  York,  1970,  p.  300. 

[6]  J.  F.  Potter,  “The  Delta-Function  Approximation  in 
Radiative  Transfer  Theory,”  J.  Atmos.  Sciences, 
Vol.  27,  pp.  943-949,  1970. 

[7]  E.  P.  Zege,  A.  P.  Ivanov,  and  I.  L.  Katsev,  Image 
Transfer  through  a  Scattering  Media,  Springer  Verlag, 
Berlin,  1991,  p.  349. 

[8]  L.  F.  Gate,  “Comparison  of  the  Photon  Diffusion 
Model  and  Kubelka-Munk  Equation  with  the  Exact 
Solution  of  the  Radiative  Transfer  Equation,”  Appl. 
Optics,  Vol.  13,  pp.  236-238,  1974. 


309 


Scene  Understanding  from  SAR  Images 

An  overview 


Mihai  Datcu 

German  Aerospace  Research  Establishment  (DLR) 
German  Remote  Sensing  Data  Center  (DFD) 
D-82234  Oberpfaffenhofen,  Germany 


Abstract 

The  major  task  of  the  Scene  Understanding  process  is  to 
find  the  scene  which  best  explains  the  observed  data. 

In  general  the  observed  data,  the  same  radar  signals,  can  be 
generated  by  different  scenes.  To  identify  the  scene  we  have  to 
choose  between  competing  hypotheses.  The  methods  we  ana¬ 
lyze  within  the  present  paper  arise  from  the  fundamental 
approach  of  considering  the  probability  theory  as  a  set  of 
normative  rules  for  conducting  inference.  Uie  scene  inversion 
is  a  model  based  approach,  and  the  models  carry  the  thematic 
information.  Model  comparison  is  a  delicate  task,  more  complex 
models  can  always  fit  better  the  data,  so  the  maximum  likelihood 
choice  would  lead  us  to  implausible  over— parameterized  models 
that  generalize  poorly.  We  propose  as  solution  the  Bayesian  in¬ 
ference  that  penalizes  the  unnecessary  complicated  models 
and  prefers  the  simpler  and  precise  ones. 

The  paper  presents  comparatively  the  problem  statement  for 
scene  understanding  in  the  tight  of  the  Bayesian  inference.  Maxi¬ 
mum  Entropy  principle  and  the  methods  of  Simulated  Annealing. 

1.  Models  for  SAR  images 

The  success  of  data  inversion  depends  critically  on  the  accura¬ 
cy  of  the  assumed  models.  The  complex  SAR  image  is  often 
described  as  a  circular  Gaussian  process  [15].  The  model  is 
only  globally  accurate:  does  not  capture  the  local  nature  of  the 
imaged  scene.  Models  for  image  regions  and  speckle  process 
have  been  introduced  [4,5].  An  image  is  assumed  to  be  a  puzzle 
of  several  different  regions.  Each  region  is  assumed  to  be  a 
Markov  Random  Field  (MRF)  having  Gibbs  distribution.  The 
MRF  assumption  models  the  continuity  in  the  image  and  the 
Gibbs  model  allows  the  parmetrization  of  the  different  image 
regions,  the  cliques.  The  SAR  image  is  further  hierarchically 
modeled:  each  pixel  is  a  sample  from  a  speckle  process  condi¬ 
tioned  by  die  clique  model.  A  variant  of  the  hierarchical  model 
was  defined  in  [14].  The  cross  section  is  assumed  to  be  Gamma 
distributed,  resulting  in  an  K-distributed  intensity  SAR  image. 
An  alternative  of  this  model  is  die  Weibull  distribution  [13]. 


The  previously  described  models  are  all  based  on  the  same 
idea:  the  SAR  image  is  described  by  a  random  walk  process 
modulalated,  by  another  statistical  process  describing  the  un¬ 
derlining  cross-section.  The  SAR  image  formation  process  is 
reflected  in  the  model  by  the  statistic  of  die  speckle  and  its  auto¬ 
correlation. 

Another  class  of  SAR  image  models  are  based  on  extensive  nu¬ 
merical  simulations  [6].  The  models  are  more  complete,  takmg 
into  account  the  digital  elevation  model,  the  parameters  of  the 
imaging  system,  the  orbit  information  and  elements  of 
scattering  properties  of  the  land  cover.  The  statistic  of  the  data 
is  given  by  the  physical  and  geometrical  parameters  of  the 
modelled  scene. 

2.  Parameter  estimation 

TTie  theory  of  parameter  estimation  aims  at  the  evaluation  of  a 
parameter  generated  by  a  noisy  source  of  information.  The  ob¬ 
servation  space  is  transformed  in  the  estimated  data  space  by 
the  estimation  rule.  Following  are  shortly  presented  and 
compared  the  basic  estimators:  the  Minimum  Mean  Square  Er¬ 
ror  (MMSE),  the  Maximum  Likelihood  (ML)  and  Maximum  A 
posteriory  (MAP).  The  notation  used  are,  ©  represents  the  pa¬ 
rameter  to  be  estimated,  D  represents  the  observed  data.  The 
MMSE  is  defined  as  the  conditional  mean  of  the  parameter  (1). 
The  estimator  requires  the  knowledge  of  the  Probability  Dis¬ 
tribution  Function  (PDF)  p(@\D). 

=  I  0p{O\D)d0 

-ee 

(1) 

If  the  parameter  to  be  estimated  is  an  unknown  deterministic 
one,  its  estimate  is  the  ML  (2). 

^lnp(DI0)  -  OL 

90  0ULE  (2) 

If  the  PDFp(DI0)  and  p(@\D)  are  symmetric  around  its  maximal 
value,  the  ML  estimate  is  identical  with  the  MMSE  estimate.  A 
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more  complex  estimate  can  be  computed  in  ttte  situation  of 
known  parameter  model.  TTie  model  is  given  in  tenns  of  PDF  and 
it  is  equated  in  flie  Bayes  relation  as  prior  information  p{@)  (3). 


The  equation  is  similar  to  flie  MAP  estimator  (3  and  7); 


Postreior  = 


Likelihood  X  Prior 
Evidence 


(7) 


p{G\D) 


p(PI0)p(0) 

P(D) 


(3) 


The  MAP  estimate  is  found  to  be  the  solution  of  (4  and  5): 


^lnp(0IZ))  =  +  ^lnp(DI0) 


(4) 


^lnp(0lD)  =  OU  ... 

o(y  ^MAP  (5) 

If  the  estimated  parameter  is  modeled  by  a  uniform  PDF  the 
MAP  estimate  is  identical  to  the  ML  estimate.  If  thep(©lDJ  is 
symmetric  the  MAP  estimate  is  identical  with  the  MMSE  esti¬ 
mate.  The  MAP  estimate  is  qualitatively  superior  to  the 
MMSE  and  ML  estimates  due  to  the  consideration  of  the  prior 
knowledge  encapsulated  in  the  model.  The  ML  estimator  is  the 
best  guess  in  the  absence  of  any  prior  knowledge. 

For  the  particular  problem  of  SAR  cross-section  estimation 
from  the  measured  speckled  intensities  in  the  frequentist  ap¬ 
proach  the  estimators  are  investigated  in  [2,13]. 

3.  The  Bayesian  Inference 

The  Bayesian  approach  consists  in  interpreting  probabilities 
based  on  a  systems  of  axioms  describing  the  incomplete  in¬ 
formation  rather  than  randomness.  The  Bayesian  and  frequent¬ 
ist  approaches  are  similar  at  certain  extent,  but  the  self 
consistent  formulation  of  the  modem  Bayesian  interpretation 
gives  an  alternative  understanding  of  the  information  hidden  in 
the  measured  data. 

The  estimation  theory  relies  on  the  availability  of  some  knowl¬ 
edge  expressed  as  PDF’s.  The  inference  is  the  process,  given  a 
data  set  and  a  hypothesis  space  {Hi},  to  assign  probabilities  to 
the  hypothesis.  Two  levels  of  inference  are  introduced:  the 
model  fitting  and  the  model  comparison  [12]. 


3.1  Level  I:  model  fitting 


The  first  level  of  inference  assiunes  that  the  models  to  be  in¬ 
verted  are  true.  The  task  is  model  fitting  to  the  data.  The  results 
are  often  expressed  as  the  most  probable  parameter  values  and 
a  measure  of  the  error. 

The  inference  requires  the  knowledge  of  the  prior  model 
pf©lfl,],and  the  data  prediction p(D\@,  Hi).The  inference  pur¬ 
sues  the  Bayes  rule  and  is  applied  separately  for  each  of  the 
models  attached  to  {Hi}  (6). 


p(01D.77,. ) 


p(DI0,HM0W.) 

p(D\H,) 


(6) 


The  evidence  term  is  generally  neglected  in  the  model  fitting, 
result  which  was  already  obtained  in  the  case  of  MAP  estima¬ 
tion  (4).  The  evidence  term,  is  important  in  the  second  level  of 
inference,  and  here  is  the  novelty  of  the  Bayesian  approach  in 
data  inversion. 

3.2  Level  II:  model  comparison 

The  task  of  the  second  level  of  the  Bayesian  inference  is  to  find 
the  most  plausible  model  given  the  data  (8). 


p{Hi  ID)  =  p{D\Hdpm  (g) 

The  inference  relies  on  the  evidence  of  Hi,  carried  by  p(D\Hi), 
and  the  subjective  prior  over  the  assumed  hypothesis  space, 
p(Hi).  p(Hi)  shows  how  plausible  we  thought  the  alternative 
models  where  before  the  data  arrived.  The  hypothesis  space 
can  be  structured  using  the  Maximum  Entropy  principle  (§4)  to 
assign  p(Hi).  The  reasons  for  a  certain  model  (hypothesis)  will 
be  expressed  as  constrains. 

The  second  level  of  the  Bayesian  inference  encapsulates  the 
Occam’s  razor  [12]:  the  unnecessarily  complex  models  are  not 
preferred  to  the  simpler  ones.  The  complicated  overparame¬ 
trized  models,  trying  to  generalize  too  much  {H2)  are  penalized 
under  the  Bayes  rule.  The  simpler  ones  (Hi )  are  preferred,  they 
are  more  evident  (fig.  1),  a  better  data  prediction  is  accom¬ 
plished  in  the  validity  interval  6. 


Figure  1 

The  model  inference  (8)  is  a  ML  estimate  corrected  by  the  Oc¬ 
cam’s  factor,  the  ratio  of  the  posterior  accessible  volume  of 
Hi%  parameters  space  to  the  prior  accessible  volume.  The  loga¬ 
rithm  of  the  Occam’s  factor  is  interpreted  as  the  information 
about  the  model  at  the  data  arrival. 

The  solution  of  ill-posed  inverse  problems  is  generally  very 
sensible  to  the  assumed  model.  This  is  the  criticism  of  the  in¬ 
verse  problem  methods,  they  can  introduce  unrealistic  behav¬ 
ior  in  the  results.  The  importance  of  the  second  level  of  the 
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Bayesian  inference  consist  in  the  possibility  to  select  the  best 
results  which  correspond  to  the  the  most  plausible  model  given 
the  data. 

3.3  The  Bayesian  SAR  cross-section  estimation 

The  first  level  of  the  Bayesian  inference  can  be  used  for  this 
purpose.  The  SAR  imaging  system  is  described  by  the  chain: 

0  a  (p  ^  y  (9) 

where  9  represents  the  physical  parameter  of  the  scene, 
a  the  cross-section,  q)  the  scattered  field,  and  y  the  SAR 
image.  At  its  turn  O  can  be  conditioned  by  scattering  parame¬ 
ters  or  a  texture.  In  [11]  two  inverse  problems  are  studied:  the 
inverse  scattered  field,  the  estimation  of  (p  fromy,  and  the  in¬ 
verse  cross-section,  the  estimation  of  O  from  y.  The  previous 
methods  consider  the  2-dimensional  end  to  end  SAR  system 
modeled  as  a  convolution  (10). 

y  =  f*<p 

(10) 

The  influence  of  the  topography  is  not  considered,  the  radio- 
metric  correction  is  assumed  in  the  classical  way. 

3.4  The  scene  parameter  inference 

A  complete  3-dimensional  formalism  can  be  derived  from  the 
generic  view  approach  [7].  The  image  formation  process  is  de¬ 
scribed  by  the  operator/(ll). 

yo  =  f(x,  0);  y  =  yo  +  n 

(11) 

The  noisy  image  y  is  described  by  the  scene  3-dimensional  ge¬ 
ometry  X,  and  its  physical  parameters,  0.  The  goal  of  the  infer¬ 
ence  is  to  find  the  posterior  PDF  (12): 


n('6>lv')  =  *  scattering 

y’  geometry 

An  intuitive  comparison  of  (7)  and  (15)  shows  that  the  likeli¬ 
hood  is  physically  interpreted  as  the  descriptor  of  the  imaging 
process,  the  prior  is  represented  by  a  scattering  model  and  the 
evidence  is  related  to  the  geometrical  description  of  the  scene. 
Known  the  p(@\y)  the  MAP  estimate  of  the  parameter  0  can  be 
evaluated  according  to  (5). 

4.  The  principle  of  Maximum  Entropy 

The  principle  of  maximum  entropy  (ME)  and  the  principle  of 
minimum  cross-entropy  (MCE)  are  two  methods  of 
translating  information  into  a  probability  assignment . 

4.1  Maximum  Entropy  inference 

The  principle  of  Maximum  Entropy  (ME)  and  the  principle  of 
Minimum  Cross-Entropy  (MCE),  which  is  a  generalization  of 
the  prior,  were  first  introduced  as  general  methods  of  inference 
about  unknown  probability  densities  subject  to  a  set  of 
constraints.  Later  approaches  showed  that  ME  and  MCE 
formalisms  emerge  as  consequences  of  requiring  that  the 
methods  of  inductive  inference  be  self-consistent,  thus 
providing  a  more  general  framework  by  making  no  reference 
to  information  measures  [9]. 

The  ME  principle  states  that  of  all  distributions  that  satisfy  cer¬ 
tain  constraints,  one  should  choose  the  one  with  the  largest  en¬ 
tropy.  The  MCE  principle  is  a  generalisation  that  applies  in 
cases  when  a  prior  distribution  is  known  in  addition  to  the 
constraints.  The  principle  states  that,  of  the  distributions  that 
satisfy  the  constraints,  one  should  choose  the  one  with  the  least 
cross-entropy. 

4.2  Maximum  Entropy  approach  in  inverse  problems 


.  £6!^ 

PC’)  (12) 

The  inference  takes  into  account  the  image  formation  process 
and  the  noise  (13,14). 


p(y\@,x)  =  p(y-f(x,@)) 
p(y\0)  =  j  p(yl0,x)  dx 


(13) 


(14) 


The  result  can  always  be  equated  as  (15): 


Inferring  the  data  that  satisfies  the  constraint  set  can  be  seen  as 
solving  an  ill-posed  inverse  problem,  with  the  entropy  as  regu¬ 
larizing  functional.  The  ME  formalisms  provide  coherent  tools 
for  incorporating  new  information  (as  constraints)  into  initial 
models  and  also  an  alternative  tool  for  solving  inverse  prob¬ 
lems.  The  set  of  constraints  encode  the  effects  of  the  imaging 
system  with  different  image  formation  models,  having  various 
degrees  of  refinement  [16,17].  The  simplest  approach  is  the 
end  to  end  SAR  system  modeled  as  a  convolution  (16). 

y  =f*x 

(16) 

The  input  signal  x  is  normalized  to  unit  and  interpreted  as  a 
PDF  of  entropy  S  (17). 
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S  =  -^xlog{x) 

The  condition  of  ME  is  now  understood  as  the  smoothness 
condition.  The  inversion  of  the  observed  data,  is  stated  as  an 
iterative  method.  The  simulated  data  rj,  based  on  a  guess  of  x, 
are  compared  with  measured  data  y,  in  the  sense  of  Mean 
Square  Error  (MSE).  The  ME  solution  is  found  as  the  maxi¬ 
mum  of  the  functional  Q  (18). 


Q  =  S  -X  MSE 


(18) 


ME  fails  to  take  noise  into  account,  a  factor  that  orthodox 
methods  do  deal  wifli.  So,  they  represent  opposite  reasoning 
formats;  classical  methods  apply  in  cases  where  we  have  a 
sampling  distribution  (i.e.  noise)  of  known  properties  but  no 
prior  information  about  other  constrains;  while  ME  is  for  cases 
where  we  have  known  the  constrains  but  the  noise  is  assumed 
null.  To  take  into  account  the  noise  the  full  Bayesian  approach 
has  to  be  considered.  An  alternative  solution  is  to  measure  the 
data  misfit  in  terms  of  a  statistic  measure.  The  simplest  choice 
is  the  chi— squared  measure  (16),  where  On  is  noise  variance: 


^  “  al 


(19) 


The  solution  is  found  as  the  maximum  of  the  functional  Q’(20). 


Q'  =  S-X 


(20) 


The  unconstrained  Bayes  maximum  can  be  reinterpreted  also 
as  a  constrained  ME  maximum.  A  pure  ME  algorithm  could  be 
used  to  generate  full  Bayes  solution  by  fixing  Q  at  a  nonzero 
value  to  allow  for  noise.  Evaluation  of  the  ME  principle  ap¬ 
plication  to  SAR  cross-section  estimation  and  SAR  iamge  en¬ 
hancement  are  reported  in  [8,16]. 


5.  The  Simulated  Annealing 

A  method  to  deal  with  flie  full  noisy  problem  and  the  sets  of 
constrains  in  a  complete  way  is  the  stochastic  relaxation  [10]. 
In  the  above  methods  the  prior  knowledge  was  in  the  form  of 
PDF  of  the  data.  There  was  no  attempt  to  represent  the 
correlations  between  the  data  and  the  different  structural  pa¬ 
rameters  to  be  estimated,  i.e.  the  cross  section  in  neighbouring 
pixels.  A  technique  which  meets  these  requirements  is  the 
simulated  annealing  (SA)  method.  The  underlying 
cross-section  model  is  a  MRF,  which  is  equivalent  to  charac¬ 
terizing  the  cross-section  by  a  Gibbs  distribution.  For  recon¬ 


struction  the  parameters  of  the  scene  are  distorted  randomly 
while  the  system  temperature  is  gradually  and  slowly 
decreased  such  as  the  system  evolves  at  each  step  through 
equilibrum  states  towards  the  maximisation  of  the  global 
score,  which  in  this  case  is  the  aposteriori  distribution.  A 
stochastic  mechanism  is  set  up  for  the  acceptance  of  the 
transitions  in  order  to  avoid  the  local  extremes  of  the  score 
function.  An  energy  function  can  be  expressed  in  terms  of  the 
local  potential.  New  constrains  can  be  added. 

A  simple  heuristic  model  on  real  scenes  give  generally  poor  re¬ 
sults.  A  way  to  circumvent  this  difficulty  is  to  perform  an 
on-line  dynamic  adaptation  of  the  prior  model  after  a  number 
of  iterations.  Another  approach  is  to  include  in  the 
neighbourhood  system  the  sites  of  the  elementary  edges 
between  the  pixels  and  to  perform  a  fine  tuning  of  the  model  by 
assigning  different  weights  for  the  possible  neighbourhood 
configurations  [10, 17, 18].  This  corresponds  to  a  combination 
of  segmentation  and  restoration  within  the  same  process,  since 
the  pixel  neighbourhood  accounts  for  the  local  uniformity  and 
the  edge  neighbourhood  accounts  for  the  local  differences  in 
the  image. 

6.  Conclusions 

The  SAR  data  are  strongly  dependent  on  the  geometry, 
elevation  and  structure  of  the  imaged  scene.  For  high 
complexity  scenes  or  for  scenes  in  mountainous  areas  the 
application  of  image  analysis  is  a  weak  approach.  Significant 
radiometric  uncertainities  remain  unsolved  and  as  a 
consequence  the  signature  analysis,  structural  interpretation 
and  classification  are  affected  by  errors.  Alternatively,  in  this 
paper  the  scene  understanding  approach  is  proposed.  Scene 
understanding  is  the  attempt  to  extract  knowledge  about  the 
physical  characterization  (scattering  parameter),  the  structure 
and  geometry  of  the  three-dimensional  scene  from 
two-dimensional  unage.  The  problem  statement  is  in  the 
general  frame  of  ill— posed  inverse  problems.  The  solutions  are 
model  based  in  the  general  frame  of  the  Bayesian  inference. 
The  models  encapsulate  the  prior  knowledge  and  reflect  the 
user-application  thematic  objectives. 
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ABSTRACT 

There  is  an  interest  for  climatology  and  meteorology  to 
map  hydrometeors,  and  in  particular  precipitation,  both 
over  the  entire  globe  and  across  large  defined  regions.  To 
achieve  this  goal  at  the  proper  spatial  and  temporal  res¬ 
olution  which  are  required  to  satisfy  the  end  users  needs 
it  has  been  proposed  to  use  satellite  based  observations. 

This  paper  presents  the  results  of  a  theoretical  study 
aiming  to  the  research  of  new  concepts  for  the  remote 
sensing  of  hydrometeors  with  emphasis  on  precipitation. 
The  concept  proposed  is  a  Focused  Wide  band  millimeter 
wave  INTERferometer  (WINTER-F)  comprising  a  con¬ 
stellation  of  two  small  satellites,  flying  close  to  each  oth¬ 
er.  The  two  satellites,  which  are  phase  synchronized  by 
the  GNSS  (Global  Navigation  Satellite  System)  signals, 
perform  near  field  interferometry  by  passive  (radiometer) 
and  active  (radar)  means.  The  study  comprises  the  re¬ 
alization  of  laboratory  experiments  to  check  the  validity 
of  the  theoretical  models. 

INTRODUCTION:  THE  WINTER-F  CONCEPT 

The  Winter-f  (mm- Wave  wide  band  INTERferometer  - 
Focused)  concept,  which  was  first  developed  for  a  pas¬ 
sive  system,  comprises  the  following  main  theoretical 
basis  [1]: 

-  a  radiometer  can  have  range  resolution  much  in  the 
same  way  as  a  radar  does  [2], 

-  range  resolution  in  the  one  direction  is  achieved  by 
decorrelation; 

-  range  resolution  in  another  direction  is  obtained  by 
doppler  processing; 

When  these  theoretical  basis  are  applied  to  a  space- 
borne  passive  system  for  Earth  remote  sensing  the  fol¬ 
lowing  theoretical  results  are  found: 

-  the  signals  from  the  ground  and  the  continuous  at¬ 
mosphere  can  be  filtered  out  by  selecting  a  proper  spatial 
frequency  (satellite  baseline)  of  observation; 


-  the  signals  originated  by  the  hydrometeors  (both 
through  scattering  and  emission)  can  be  observed  by  the 
properly  chosen  satellite  bziseline; 

-  the  output  of  the  passive  system  is  proportional  to 
the  density  of  hydrometeor  particles  in  the  atmosphere. 

Thus,  the  theoretical  conclusion  is  that  a  radiometer 
system  can  be  built  able  to  measure  directly  the  densi¬ 
ty  of  hydrometeor  particles  (i.e.  rain  rate)  free  of  con¬ 
tamination  from  the  background  (ground  and  continuous 
atmosphere). 

The  same  concept  can  be  applied  to  an  active  system 
(radar)  where  time  gating  can  be  performed.  In  this 
case  we  have  a  third  degree  of  freedom  and  the  spatial 
resolution  in  the  third  dimension  becomes  possible. 

WINTER-F  IMPULSE  RESPONSE 

Let  us  compute  the  response  to  a  point  source  consisting 
of  an  element  of  volume  fUled  with  short  dipoles.  The 
current  through  every  short  dipole  is  assumed  to  repre¬ 
sent  the  processes  of  emissivity,  absorption  and  scatter¬ 
ing  which  occur  in  the  interaction  between  matter  and 
radiation. 

Consider  two  receiving  antennas  at  points  Pi  and  P2. 
The  signal  from  every  small  dipole  arrives  at  point  Pi 
producing  a  voltage 

Vi(<)  =  f  dVi{t)  (1) 

J  a,  ».d. 

where  dVi  is  the  voltage  produced  by  every  single  short 
dipole  and  a.s.d  stands  for  all  short  dipoles.  The  signals 
of  the  short  dipoles  arrive  at  P2  as  well  and  a  similar 
expression  can  be  written  for  the  voltage  at  the  second 
antenna. 

The  antenna  voltages  constitute  the  input  signals  to 
the  receivers  and  get  thus  filtered  by  their  frequency  re¬ 
sponse.  The  impulse  response  of  the  Winter-f  system  is 
given  by  the  cross  correlation  of  the  two  receiver  outputs 
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which  assuming  coherence  between  the  local  oscillators 
becomes 


(I  J|2)  sine  [  S(r  -  Ar/c)  ]  dV 


where  r5j52(r)  is  the  cross  correlation  evaluated  at  time 
r,  B  the  bandwidth,  L  the  antenna  effective  length,  77 
the  intrincic  impedance  of  vacuum,  A  the  wavelength,  x 
an  obliquity  factor,  ri  and  r2  the  distances  between  the 
source  point  and  the  receivers,  {\J^)dV  the  intensity  of 
the  source,  Ar  =  ri  —  r 2  the  path  difference,  c  the  light 
speed  and  k  the  wavenumber. 


RANGE  DISCRIMINATION  BY  DECORRELATION 


The  impulse  response  (2)  shows  that  the  spatial  distri¬ 
bution  of  the  source  intensity  is  weighted  by  the  system 
filter  response  according  to  the  sine  function.  This  fringe 
washing  function  accounts  for  the  decorrelation  of  the 
signal  due  to  the  finite  system  bandwidth.  Thus  the  sys¬ 
tem  is  only  sensitive  to  that  volume  for  which  the  decor¬ 
relation  is  not  excessive,  that  is,  to  those  points  whose 
path  delay  is  compensated  by  the  system  delay  within 
the  main  lobe  of  the  sine  function 


(3) 


The  geometriesd  volume  defined  by  this  equation  corre¬ 
sponds  to  the  space  between  two  hyperboloids  with  foci 
at  the  observation  points  Pi  and  P2  and  has  been  de¬ 
picted  in  Figure  1.  By  changing  the  system  delay  r  we 
can  make  the  sine  function  to  peak  on  a  different  hyper- 
boloidal  volume.  A  range  of  values  of  r  correspond  to 
a  range  of  hyperboloidal  shells.  We  realize  in  this  way 
that  we  have  built  a  radiometer  system  which  has  rang¬ 
ing  capability  based  on  near  field  observations  from  two 
points. 


SYSTEM  RESPONSE  TO  A  DISTRIBUTED 
SOURCE 


When  the  impulse  response  (2)  is  applied  over  a  uniform 
distributed  source  such  as  the  ground  or  the  gaseous  at¬ 
mosphere  it  vanishes  because  kAr  1  over  the  volume 
of  correlation: 

rsiS2(r)-»o  (4) 

In  practice  the  interferometer  would  give  an  output  equal 
to  its  radiometric  sensitivity. 

On  the  contrary,  when  the  impulse  response  is  applied 
to  a  discrete  source  such  as  a  distribution  of  water  par¬ 
ticles  a  non  zero  value  is  found 


Sa(ro)  =  B 


where  the  subindex  p  denotes  ’particle’  and  the  summa¬ 
tion  extends  only  to  the  N  particles  contained  inside  the 
resolution  volume,  for  which 

ro-^<Ar.<r„  +  ^  (6) 

rc  =  cjB  being  the  correlation  length.  Assuming  a  ran¬ 
dom  distribution  of  particles,  the  average  (over  the  en¬ 
semble  of  particle  distributions)  of  (5)  yields 

(rsiSjCj-o))  =0  (7) 

and  its  standard  deviation 

This  equation  is  the  response  of  the  Winter*~f  interferom¬ 
eter  to  hydrometeor  particles  and  shows  that  the  stan¬ 
dard  deviation  of  the  cross  correlation  between  the  two 
receivers  is  proportional  to  the  product  of  the  square 
root  of  the  number  of  particles  in  the  resolution  volume 
times  the  intensity  of  the  particle.  The  standard  devi¬ 
ation  of  the  cross  correlation  can  be  measured  by  root 
mean  square  averaging  of  independent  samples. 

STUDY  ON  THE  SATELLITE  CONSTELLATION 

The  iso-delta  range  and  iso-delta  doppler  family  lines  for 
a  pair  of  satellites  flying  close  to  each  other  in  different 
configurations  have  been  computed.  The  optimum  view 
geometry  is  that  providing  a  perpendicular  crossing  be¬ 
tween  the  iso-range  and  iso-doppler  lines.  One  possible 
scenario  was  selected  where  the  two  satellites  fly  along 
the  same  orbit  keeping  a  spacing  of  a  few  kilometers.  The 
local  oscillators  of  the  radiometers  of  the  two  satellites 
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Figure  2:  Selected  orbital  scenario  and  view  geometry 


are  derived  from  the  GNSS  signals  and  are  thus  coher¬ 
ent.  The  iso-delta  range  lines  are  across  track  while  the 
iso-delta  doppler  lines  are  along  track.  This  scenario  has 
been  depicted  in  Figure  2. 

RANGE  DISCRIMINATION  BY  DOPPLER 

As  seen  from  the  system  response  in  (5)  the  cross  corre¬ 
lation  of  every  particle  has  a  different  delta  doppler  shift, 
defined  by 

where  the  sub-index  refers  to  particle  i.  The  further  a 
particle  is  from  the  satellites  ground  track  the  smaller 
the  doppler  is  in  its  cross  correlation  function. 

The  cross  correlation  function  is  then  passed  through 
a  bank  of  doppler  sharpening  filters  to  achieve  spatial 
discrimination.  The  output  of  every  filter  corresponds  to 
a  different  region  limited  by  a  pair  of  iso-delta  doppler 
lines.  The  width  of  the  doppler  filters,  and  hence,  the 
spatial  resolution  achievable  by  doppler,  is  limited  by 
the  transit  time  and  the  velocity  of  the  particles. 

WINTER-F  BLOCK  DIAGRAM 

The  conceptual  block  diagram  of  the  Winter-f  passive 
interferometer  can  be  derived  from  the  previous  theoret¬ 
ical  study  and  is  shown  in  Figure  3.  Typically  a  dual 
frequency  sensor  would  most  likely  b  mused.  The  satel¬ 
lites  are  provided  with  a  radio  link  to  be  able  to  perform 
the  cross  correlation  on  board. 

ACTIVE  INTERFEROMETRY  IN  WINTER-F 

The  same  concepts  explained  on  the  passive  interferom¬ 
eter  can  be  applied  to  the  case  when  one  satellite  trans¬ 
mits  a  pulsed  noise-like  (or  deterministic)  signal  and  the 
two  satellite  receive  the  echo  afterwards. 


If  5m  and  Sb  indicate  the  signals  received  by  the 
transmitting  satellite  and  the  second  satellite  respec¬ 
tively  we  arrive  at  the  result  that  the  cross  corre¬ 
lation  (5'M(t)*S'^(t)}  is  null  while  the  autocorrelations 
W)  ^re  proportional  to  the 

number  of  raindrops  within  the  resolution  volume. 

The  fourth  order  correlation  (‘S'M(f)*S^M(f)‘S'^(f)-S’B(f)) 
is  proportional  to  the  product  of  the  two  second  order 
autocorrelations,  thus  giving  the  number  of  raindrops 
within  the  resolution  cell.  The  properties  of  the  fourth 
order  correlation  as  an  estimator  of  rain  density,  both 
regarding  the  accuracy  of  the  estimate  and  the  spatial 
resolution  are  currently  under  investigation. 

CONCLUSION 

The  study  predicts,  within  the  limitation  of  the  models 
used,  the  possibility  of  a  radiometer  system  with  range 
capability  which  is  sensitive  to  the  hydrometeors  but  not 
to  the  background. 

A  laboratory  experiment  of  the  fundamental  concepts 
is  being  undertaken  to  compare  the  theoretical  predic¬ 
tions  with  the  real  world  behaviour.  The  usefulness  of 
this  effort  is  worth  in  view  of  its  potential  for  a  satellite 
based  Rain  Detection  System. 
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INTRODUCTION 

Remote  sensing  (RS)  using  aerial  and  satellite 
imagery  can  supply  local,  regional,  and  global  views  of 
the  Earth  and  its  different  interrelated  systems.  It  can 
provide  a  powerful  means  for  students  to  visualize  their 
place  in.  the  world  and  their  effects  on  it,  thus  providing 
both  a  compelling  introduction  and  continuing  support 
to  students  ’  explorations  of  the  state  of  the  Earth  and  how 
to  sustain  it  in  the  future  [1].  The  “translation”  of  profes¬ 
sional-level  RS  data  and  results  into  useful  educational 
materials  for  classroom  use  is  a  formidable  task  from  the 
teacher’s  point  of  view,  however.  The  data  sets  are  im¬ 
mense  in  comparison  to  the  memory  capabilities  of  typi¬ 
cal  computers  in  schools;  there  are  many  different  kinds 
of  specialized  data  sets  -  each  requiring  a  unique  infor¬ 
mation  base  to  understand;  many  data  sets  of  high  inter¬ 
est  are  too  expensive;  and  the  information  content  is  com¬ 
plex  and  often  intimidating.  There  are  also  challenging 
student-related  issues:  how  to  interest  or  involve  the  stu¬ 
dents  in  working  with  RS  data,  how  to  give  students  (and 
teachers)  the  tools  needed  even  for  elementary  analysis, 
and  how  to  find  the  time  for  RS-related  studies  in  al¬ 
ready  crowded  school  curricula. 

On  the  other  hand,  the  potential  opportunities  are 
great.  RS  images  are  eye-catching.  Working  with  RS 
images  can  be  a  primary  learning  tool  for  visual  learners 
and  a  powerful  adjunct  for  more  traditional  learners.  With 
appropriate  computers  and  software,  students  are  able  to 
use  their  own  creativity  in  manipulating  RS  images  and 
other  cartographic  data,  making  the  visual  information 
“their  own”  -  increasing  their  involvement,  understand¬ 
ing,  and  retention  of  the  information. 

THE  “ETE”  PROJECT 

In  our  project  [2],  Exploring  the  Environment 
(ETE),  we  are  exploring  ways  to  take  RS  data  efficiently 
and  effectively  into  the  classroom.  We  are  developing 
Earth  Science  modules  utilizing  a  problem-based  learn¬ 
ing  pedagogy,  which  places  students  in  the  role  of  active 
investigators  of  complex,  ill-structured  problems  that  mir¬ 
ror  real-world  problems  [3,4].  These  modules  are  de¬ 


signed  for  delivery  over  the  World  Wide  Web  (Our  Web 
site  may  be  visited  at  http://www.cotf.edu/ETE). 

One  of  the  significant  components  of  our  mod¬ 
ules  is  use  of  RS  imagery  to  help  define  or  investigate 
the  central  environmental  problem.  One  objective  for 
inclusion  of  the  RS  data  is  to  allow  the  students  to  ma¬ 
nipulate  the  images  directly  and  to  take  their  own  mea¬ 
surements.  Past  experience  indicates  that  having  the  stu¬ 
dents  do  their  own  processing  and  measurement  more 
fully  involves  the  student  and  gives  them  “ownership” 
of  the  problem  [5].  The  central  problem  of  each  module 
is  open-ended  because  the  emphasis  in  our  primary  prob¬ 
lem-based  learning  modules  is  on  problem  solving  and 
not  on  specific  image  processing  skills. 

However,  to  effectively  deal  with  RS  images, 
students  (and  teachers)  need  some  image  processing 
skills.  Simply  placing  RS  images  in  front  of  the  students 
is  not  sufficient  for  effective  use.  The  information  con¬ 
tent  of  remotely  sensed  images  is  not  necessarily  obvi¬ 
ous  to  students  or  teachers.  The  images  are  often  taken 
from  overhead,  an  uncommon  perspective  for  many,  and 
in  spectral  bands  that  usually  have  no  connection  to  the 
students’  world  and  thus  convey  no  meaning.  A  set  of 
basic  image  processing  skills  can  be  applied  to  almost 
any  set  of  images  and  problems,  and  hence  can  be  ap¬ 
plied  in  any  number  of  our  modules.  So  rather  than  in¬ 
clude  detailed  step-by-step  directions  for  processing  the 
images  associated  with  any  single  module,  we  are  de¬ 
signing  a  short  series  of  activities  that  teach  basic  image 
processing  skills  and  concepts  that  the  students  will  be 
able  to  use  later  on  the  images  specific  to  each  module. 
Giving  the  students  a  set  of  basic  image  processing  skills 
to  use  in  various  situations  also  supports  the  objectives 
of  our  open-ended  problem  modules. 

THE  IMAGE  PROCESSING  SKILLS  ACTIVITIES 

To  be  consistent  with  the  spirit  of  the  problem 
based  learning  approach,  we  have  written  each  activity 
as  a  simple  problem  scenario  rather  than  as  a  linear,  step- 
by-step  instruction  guide  -  although  the  step-by-step  in¬ 
structions  are  included  since  this  is  a  training  activity. 
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The  objective  is  to  give  students  a  reason  to  learn  a  skill 
rather  than  to  simply  explain  it.  At  this  point  we  have 
completed  three  skills  activities.  The  first  introduces  the 
concept  of  digital  images,  pixels,  gray-scale  and  pseudo 
coloring,  histograms,  simple  filtering  and  stretching.  The 
activity  is  built  around  a  first  manned  landing  on  Mars, 
where  the  students  are  given  one  of  the  original  images 
of  the  terrain  around  the  “face  on  Mars.”  They  are  not 
told  directly  about  the  “face,”  but  are  given  the  problem 
of  finding  a  suitable  (i.e.,  flat)  landing  site.  However,  if 
they  do  the  simple  processing  activities  correctly,  the  face 
“pops  out”  at  them.  Information  about  the  “face”  and 
the  geology  of  the  surrounding  area  are  given  in  a  sepa¬ 
rate  “Teacher’s  Notes”  section.  The  teacher’s  section  is 
password  protected  so  that  guidelines  and  intended  out¬ 
comes  can  be  supplied  to  the  teacher  over  the  Internet 
while  at  the  same  time  preventing  easy  student  access  to 
the  same  information  -  information  which  they  should 
discover  themselves  by  working  through  the  activities. 
The  second  activity  introduces  setting  image  scales  and 
making  linear  and  areal  measurements.  The  scenario  is 
built  around  deciding  what  to  do  on  a  vacation  in  Hono¬ 
lulu,  Hawaii.  The  third  activity  introduces  spectral  bands, 
true  and  false  color  composites,  and  how  to  recognize 
typical  features  such  as  bare  rock,  plants,  open  water, 
and  man-made  structures  from  their  appearance  in  dif¬ 
ferent  bands  and  composites.  The  scenario  is  built  around 
survival  after  being  shipwrecked  on  a  desert  island. 

We  have  also  placed  activities  within  existing 
problem-based-leaming  modules  that  show  how  to  con¬ 
duct  animations  and  time  comparisons,  density  slices  and 
terrain  classification,  and  simple  image  arithmetic.  In 
time,  the  directions  for  these  image  processing  skills  will 
be  written  into  separate  tredning  activities. 

HARDWARE/SOFTWARE  CONSIDERATIONS 

We  have  written  our  activities  for  NIH  Image,  a 
powerful,  freeware  image  processing  program  that  can 
be  run  on  a  wide  range  of  Macintosh  computers.  Copies 
of  NIH  Image  and  supporting  documentation  can  be  ob¬ 
tained  via  anonymous  ftp  from  zippy.nimh.nih.gov 
[128.231.98.32].  This  user-friendly  program  includes  a 
great  variety  of  tools  for  image  processing,  measurement, 
animation,  arithmetic,  mosaicing,  and  drawing.  Two 
drawbacks  to  the  program  are:  1)  GIS-type  activities  can 
be  done,  but  not  efficiently,  and,  more  importantly,  2) 
NIH  Image  runs  only  on  Macintosh  computers,  thus  our 
image  processing  activities  are  as  yet  unavailable  to  PC 
or  Unix  users  (although  a  Macintosh  emulator  for  the  PC 


is  under  development).  We  are  looking  at  other  programs 
that  will  run  on  PCs,  such  as  IDRISI,  ARCVIEW,  and 
MULTISPEC,  but  these  programs  are  designed  more  for 
GIS  applications  and  less  for  the  general  image  process¬ 
ing  skills  available  with  NIH  Image.  In  addition,  these 
PC  programs  are  not  free  (although  educational  discounts 
can  be  obtained).  Eventually  we  ate  planning  to  rewrite 
as  many  of  the  activities  as  we  can  on  a  PC-compatible 
platform. 

DISCUSSION 

Obtaining  suitable  images  for  student  use  is  an 
ongoing  problem,  simply  because  of  the  cost  of  many 
data  types  (such  as  Landsat  and  SPOT)  and  the  sheer 
size  of  most  RS  images.  For  example,  AVHRR  and  full- 
resolution  SIR-C  radar  images  are  several  megabytes  in 
size,  seven  bands  of  a  single  TM  Landsat  scene  are  in 
excess  of  400  megabytes,  and  AVIRIS  data  cubes  and 
projected  data  sets  from  the  fleet  of  MTPE  satellites  to 
be  launched  later  this  decade  are  an  order  of  magnitude 
larger  still.  Although  the  memory  capability  of  comput¬ 
ers  in  schools  is  growing  quickly,  it  will  be  several  years 
before  a  typical  school  computer  will  be  able  to  deal  di¬ 
rectly  with  image  data  sets  hundreds  of  megabytes  or 
gigabytes  in  size.  And  again,  though  the  sp>eeds  of  Internet 
connections  available  for  schools  is  rapidly  increasing, 
these  large  data  sets  would  take  hours  or  days  to  down¬ 
load  for  most  existing  school  computers.  Consequently 
at  present,  we  take  the  large  images  and  use  our  profes¬ 
sional-scale  hardware  and  software  (ER  Mapper)  to  cut 
or  subsample  the  images  down  to  sizes  of  a  few  hundred 
kilobytes  or  less  for  easy  Internet  delivery.  This  takes 
the  students  at  least  one  step  away  from  the  raw  data,  but 
it  does  make  available  images  of  practical  size  for  pro¬ 
cessing. 

A  final  issue  of  importance  in  this  context  is  the 
trade-off  between  the  level  of  student  expertise  (and  in¬ 
dependence)  in  image  processing  and  the  time  used  in 
class  to  achieve  that  expertise.  It  takes  time  to  learn  to 
use  a  tool  well.  Once  learned,  however,  the  range  of  pos¬ 
sible  activities  using  the  tool  increases  greatly,  as  well  as 
the  students’  sense  of  ownership  and  achievement.  Our 
main  modules  are  designed  to  be  flexible  in  time  usage, 
ranging  from  a  few  class  periods  to  an  entire  semester, 
depending  on  the  level  of  involvement  desired  by  the 
teacher.  The  skills  activities  are  designed  to  take  one  to 
several  class  periods  each,  depending  on  the  class.  Thus 
completing  the  whole  set  of  image  processing  activities 
could  take  several  weeks  -  and  that  before  the  students 
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really  engage  the  main  modules.  Consequently,  sev¬ 
eral  weeks  of  time  must  be  invested  to  let  the  students 
properly  learn  basic  image  processing  skills.  But  in 
the  long  run,  once  learned,  these  skills  can  be  used  to 
address  a  much  wider  range  of  problems  and  at  a  much 
higher  level  of  involvement  than  previously  possible. 
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Abstract  -  In  an  effort  to  help  strengthen  the  nation's 
science,  math  and  technology  education  and  at  the  same 
time  promote  educational  systemic  change,  all  new  space 
projects  at  the  NASA/Jet  Propulsion  Laboratory  (JPL) 
now  incorporate  in  their  mission  plans  detailed 
educational  outreach  efforts.  These  outreach  programs  are 
done  in  partnership  with  the  educational  leadership  of 
national,  state  and  local  agencies,  organizations  and  class 
room  teachers.  The  Winds  of  Change  is  the  first 
educational  resource  developed  under  these  conditions 
that  provides  a  new  type  of  educational  tool.  Winds  of 
Change  has  been  sponsored  by  the  NASA  Scatterometer 
(NSCAT)  mission  as  its  first  educational  product  and  an 
example  for  other  NASA  or  technical  organizations  who 
also  wish  to  contribute  to  enhancing  science  education. 


BACKGROUND 

NASA,  as  one  of  the  world's  leading  scientific  and 
engineering  organizations,  takes  its  obligation  to  pass  on 
new  knowledge,  technology  and  the  excitement  of 
discovery  to  the  educational  community  very  seriously 
[1].  The  NASA  Scatterometer  (NSCAT)  is  an 
instrument  being  developed  and  managed  at  the  Jet 
Propulsion  Laboratory  in  Pasadena  CA.  This  instrument 
will  be  carried  on  the  ADEOS,  a  Japanese  satellite. 
ADEOS  will  use  multiple  radar  antennas  to  provide  a 
global  measurement  every  few  days  of  the  speed  and 
direction  of  the  winds  of  the  world's  oceans.  This  data 
will  contribute  to  better  understanding  of  the  role  of  the 
oceans  in  short  term  weather  and  long  term  climate 
change.  In  1994  NASA  set  aside  funds  not  to  develop 
public  relations  materials  about  NSCAT,  but  rather  to 
develop  a  new  type  of  educational  resource  that  would 
give  teachers  and  students  new  tools  and  incentives  to 
study  the  various  aspects  of  global  climate. 


THE  "CORE”  DEVELOPMENT  TEAM 

To  ensure  that  the  final  product  would  be  factually 
correct,  to  use  mission  information  where  appropriate,  to 
educationally  align  and  promote  the  paths  given  in 
documents  such  as  the  National  Science  Standards  and  the 
California  Science  Framework,  and  at  the  same  time  to 
produce  a  product  that  would  be  useful  in  the  classroom 
to  teachers  and  student,  a  broad  -based  development 


group  called  the  "Core  Team”  was  formed  as  an  advisory 
and  design  Team.  The  membership  of  the  Core  Team 
combines  NSCAT  project  engineers  and  scientists,  a 
representative  of  the  California  State  Department  of 
Education,  university  educators,  classroom  teachers  of 
different  grade  levels,  and  JPL  CD-ROM  designers  and 
programmers.  Two  other  components  were  added  to  this 
Team.  An  educational  evaluator  was  included  to  design 
evaluation  instruments  that  could  be  used  during  and  after 
the  development  of  the  materials,  and  JPL  also 
contracted  with  a  curriculum  consultant  who  had  used  a 
unique  educational  organization  tool  for  science  programs 
in  Texas  and  Wyoming  called  "webbing"  [2]. 

In  addition  to  providing  an  educational  resource  for  the 
topic  of  global  climate,  there  was  the  desire  to  encourage 
the  use  of  technology  in  the  classroom.  JPL  has  been  a 
leader  in  the  development  of  scientific  data  CD-ROM's 
and  therefore  the  Core  Team  decided  to  use  a  CD-ROM 
as  the  media  of  this  new  educational  tool.  "Winds  of 
Change"  has  been  designed  for  middle  school  students, 
but  should  find  use  in  grades  6-12.  The  CD-ROM  is 
designed  to  run  on  both  PC  and  Macintosh. 


THE  WINDS  OF  CHANGE  EDUCATIONAL  WEB 

The  Winds  of  Change  Web,  shown  in  Fig.  1,  is  not 
only  the  design  tool  for  the  CD-ROM,  but  is  also  the 
initial  "point  and  click"  graphic  used  to  explore  the 
subjects. 

The  concentric  rings  are  themes  used  in  education  (e.g. 
The  California  State  Science  Framework).  They 
represent  very  general  natural  concepts  of  scale  and 
structure,  measurement,  energy,  systems  and  interactions, 
patterns  of  change,  evolution,  stability  and  human 
interactions.  Almost  any  topic  could  be  studied  by 
exploring  it  via  these  themes.  The  "spokes"  of  the  web 
identify  the  topics  to  be  examined.  The  user  decides  on 
one  of  the  topics  to  investigate  (weather,  atmosphere, 
oceanography,  livings  things  or  climate)  and  simply 
"clicks"  that  subject.  Next  the  choice  of  an  intersection 
of  ring  and  topic  will  show  a  research  question  to  initiate 
a  study.  For  example,  if  the  topic  of  "atmosphere"  is 
picked  at  the  theme  of  evolution,  the  pop-up  question  is 
"How  has  Earth’s  atmosphere  changed  over  time?" 
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Fig  1-  The  introductory  screen  of  the  Winds  of  Change  CD-ROM  using  the 
educational  web  organization. 


The  Core  Team  decided  on  the  topics  and  all  research 
questions. 

If  the  user  then  clicks  this  question  a  whole  library  of 
reference  materials  are  made  available.  For  each  one  of 
these  ’’bubble"  questions  there  are  several  pages  of 
background  information  (in  Adobe  PDF  files),  numerous 
classroom  hands-on  activities  (also  in  PDF  files),  many 
still  images  and  several  movies.  Professional 
curriculum  writers  prepared  the  background  materials, 
classroom  activities,  captions  and  narration's. 


USING  WINDS  OF  CHANGE 

Winds  of  Change  can  be  used  in  any  way  that  a  teacher 
or  student  wishes—  it  is  a  resource,  not  a  curriculum.  It 
is  anticipated  that  teachers  may  use  the  CD-ROM  for 
classroom  presentations,  to  build  up  their  own 
backgrounds  or  use  the  library  of  hands-on  activities. 
The  teacher  may  assign  students  to  do  independent  study 
or  to  work  in  small  groups  investigating  different 
subjects.  We  are  compiling  a  data  base  of  "tutorial 
profiles"  of  the  various  ways  teachers  and  students  use 
Winds  of  Change.  This  information  will  be  made 
available  on  the  NSCAT  home  page  on  the  World  Wide 
Web. 


ASSESSING  STUDENTS 

The  suggested  and  preferred  method  to  obtain  student 
assessment  is  by  having  the  students  prepare  Journals  of 
their  research.  Currently,  many  teachers  have  students 
prepare  electronic  journals  using  tools  such  as 
HyperStudio.  With  the  click  of  the  correct  button.  Winds 
of  Change  allows  teachers  and  students  to  print  any  of 
the  documentation,  still  images  or  any  frame  of  a  movie, 
as  well  as  send  any  of  this  material  to  other  forms  of 
electronic  media  such  as  floppy  disk  or  video  tape. 


HELD  TESTING 

As  the  materials  for  each  spoke  were  written,  prepared 
and  programmed  on  to  the  CD-ROM,  test  cuts  were  sent 
out  to  the  Core  Team  for  critical  review  of  content  and 
user  interfacing  Changes  and  modifications  were 
incorporated  after  each  review. 

While  Winds  of  Change  was  being  developed, 
presentations  were  made  at  national  teacher  meetings  and 
many  local  inservice  groups.  Teachers  were  solicited  to 
volunteer,  via  written  application,  to  be  part  of  a  field 
test  once  the  CD-ROM  was  in  near  final  form.  Over  150 
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teachers  sent  in  their  requests  to  participate  in  the  field 
test. 

(The  initial  version  of  Winds  of  Change  will 
implement  three  spokes—  weather,  atmosphere  and 
oceanography.  The  last  two  topics,  climate  and  living 
things,  will  be  added  to  a  second  version  of  Winds  of 
Change  after  full  field  testing.) 

Each  of  the  field  test  teachers  were  sent  a  package 
containing  evaluation  instruments  for  the  teacher 
response  based  on  their  reactions  to  using  Winds  of 
Change  in  their  classrooms  in  a  variety  of  ways  (24  basic 
questions  plus  comments).  There  was  also  a  shorter 
evaluation  form  to  be  filled  in  by  the  students  themselves 
(13  questions  and  comments).  The  last  component  of 
evaluation  was  a  tutorial  profile  questionnaire  (20 
questions  and  fill-in  comments)  that  will  be  used  to  build 
a  data  base  of  how  teachers  use  Winds  of  Change  in  their 
classrooms. 

The  results  of  all  the  returned  evaluation  forms  were 
examined  and  the  findings  were  used  to  make  final 
modifications  to  the  Winds  of  Change  distribution  CD- 
ROM's  before  wide  spread  distribution. 


CONCLUSION 

The  Core  Team  has  put  in  a  great  amount  of  work  and 
resources  in  developing  Winds  of  Change.  The  lessons 
learned  with  the  making  of  this  CD-ROM  are  now  being 
applied  to  the  production  of  CD-ROM's  for  other  JPL 
projects. 

JPL  would  be  interested  in  forming  partnerships  with 
other  scientific  and  research  organizations  to  help  them 
produce  similar  products  for  subject  areas  that  relate  to 
their  fields  of  expertise. 
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DISTRIBUTION  OF  WINDS  OF  CHANGE 

To  obtain  an  initial  copy  of  Winds  of  Change,  a 
teacher  must  fill  out  and  mail  to  JPL  a  "no  cost"  order 
form.  This  will  allow  the  development  of  a  data  base  of 
teachers  using  the  CD-ROM.  Presentations  illustrating 
the  CD-ROM  are  being  given  at  major  national  teacher 
meetings  and  in  cooperation  and  coordination  with 
NASA  headquarter's  teacher  inservice  training  programs. 
At  each  of  these  presentations  attending  educators  are 
give  the  order  forms.  They  in  turn  are  free  to  make 
copies  for  their  colleagues.  The  CD-ROM  is  also  given 
out  at  special  educator  conferences  held  at  JPL. 

Distribution  copies  of  Winds  of  Change  have  the 
tutorial  profile  form  attached  with  a  request  for  teachers 
to  fill  them  out  and  return  to  JPL  after  significant  use. 


NSCAT  VALUE  ADDED  PRODUCTS 

The  NSCAT  project  will  be  showing  current  data  on 
their  home  page  for  general  use.  To  make  this 
information  is  more  valuable  for  the  educational 
community,  software  tools  are  being  identified  and 
developed  to  allow  teachers  to  use  NSCAT  data  in 
coordination  with  Winds  of  Change. 


JPL  may  be  contacted  on  the  World  Wide  Web  at 
http://www.jpl.nasa.gov.  The  home  page  for  the  JPL 
Teaching  Resource  Center  is  http://leam.jpl.nasa.gov. 
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Abstract  -  The  World  Wide  Web  site  at  the  Canada  Centre  for 
Remote  Sensing  (CCRS)  is  much  more  than  a  passive, 
electronic  brochure.  With  its  long  tradition  and  expertise  in 
developing  training  materials  for  a  variety  of  knowledge 
levels,  CCRS  is  ideally  placed  to  exploit  the  store  front 
medium  that  the  Internet  provides  for  raising  public  awareness 
of  remote  sensing  technology.  The  CCRS  Web  site  is  a  multi¬ 
faceted  didactic  tool:  providing  information  to  the  remote 
sensing  specialist  on  the  latest  research;  and  to  the  surfer  who 
wants  to  learn  about  applications  that  promote  a  sustainable 
future. 


INTRODUCTION 


The  World  Wide  Web  site  at  the  Canada  Centre  for  Remote 
Sensing  (CCRS)  began  as  an  implementation  project  in 
December  1994  with  a  team  of  six  people.  The  guiding 
principle  behind  the  CCRS  Web  site  is  to  provide  service  to 
the  Canadian  remote  sensing  community,  namely 
knowledgeable  geomatics  professionals.  A  secondary,  but  still 
important  goal  is  to  foster  an  interest  in,  and  an  appreciation 
of  remote  sensing  outside  our  traditional  community,  whether 
it  is  high  school  students,  resource  managers  or  the  casual 
surfer.  Our  opening  date  was  June  1,  1995.  Ten  months  after 
he  site  opened,  it  is  receiving  over  3,000  “hits”,  or  requests 
I  r  day. 

Planning  the  site  has  always  encompassed  a  two-pronged 
objective:  to  inform  and  educate  people  about  remote  sensing. 
Initial  content  was  culled  from  the  Centre’s  extant  materials. 


all  of  which  had  to  be  structured  in  a  meaningful  way  to  take 
advantage  of  the  dynamic  nature  of  the  Web.  We  focused  on 
information  design  as  well  as  ease  of  navigation  to  construct 
“chapters”  around  specific  themes: 

•  Tell  them  who  we  are:  (“This  is  CCRS”  and  “The 
Remote  Sensing  Community”) 

•  Tell  them  what  we  do:  (“Images  &  Products”  and 
“Satellites  &  Sensors”) 

•  Kindle  an  interest  in  remote  sensing:  (“What  is  Remote 
Sensing?”  and  “In  the  Spotlight”) 

The  navigational  buttons  and  layout  were  designed  to  create 
a  sense  of  corporate  identity  and  contribute  to  the  overall  look 
and  feel  of  the  site.  Following  a  strict  policy  on  the  usage  of 
these  buttons  helps  to  create  a  sense  of  continuity  and 
improves  the  user’s  ability  to  navigate  through  the  Web  site. 

Informative  Reference  Materials 


Last  year  was  a  very  important  year  for  Canada  because 
RADARSAT,  our  first  operational  earth  observation  satellite, 
was  launched.  While  awaiting  the  November  8,  1995  launch, 
we  were  able  to  build  a  RADARSAT  chapter  which  catered  to 
all  interest  levels  -  from  the  photos  of  the  satellite  under 
construction,  with  tongue  in  cheek  captions  -  to  detailed 
specifications,  examples  of  our  R&D  with  RADARSAT 
image  simulations  as  well  as  the  abstracts  of  published  papers 
on  RADARSAT.  New  research  opportunities  and  programs 
related  to  RADARSAT  are  also  highlighted  in  this  chapter. 
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Remote  sensing  scientists  are,  of  course,  already  hooked. 
How  could  we  sustain  their  interest  to  make  sure  that  the 
CCRS  site  is  a  well  thumbed  bookmark?  We  decided  to  offer 
our  existing  glossary  of  general  remote  sensing  terms  and,  for 
the  radar  specialist,  a  technical  radar  glossary.  We  offer  a 
searchable  contacts  list  of  Canadian  companies  involved  in 
the  remote  sensing  side  of  the  geomatics  industry,  which  has 
proven  very  popular.  Our  list  of  international  conferences 
complete  with  hyper  links  to  e-mail  and  Web  site  addresses  of 
future  conferences  is  a  particularly  handy  tool.  CCRS 
conducts  a  seminar  series  on  various  aspects  of  remote 
sensing  research  and  the  Web  site  contains  not  only  the 
seminar  schedule,  but  a  full  abstract  of  each  presentation. 
Over  5,000  copies  of  the  CCRS  newsletter  are  printed  and 
distributed  three  times  a  year.  It  appears  almost 
simultaneously  on  our  Web  site.  These  on-line  issues  of 
printed  newsletters  continue  to  be  dynamic  and  informative 
because  we  can  update  the  research  findings  and  amend  the 
material  by  adding  new  links  within  the  articles.  On  the 
lighter  side,  there  are  some  amusing  items  such  as  our 
“unconventional”  definitions  of  remote  sensing  where  readers 
are  invited  to  contribute  their  own  definitions. 

Information  regarding  remote  sensing  applications  and  our 
research  and  development  is  always  in  demand  and  the  Web 
offers  a  way  of  delivering  the  most  up-to-date  results, 
complete  with  data  examples,  in  a  way  that  paper  copy  never 
can.  We  present  overviews  of  most  of  the  CCRS  programs 
and  short  “Spotlights”  on  specific  items  of  interest.  Our 
scientists  have  reported  a  definite  increase  in  feedback  from 
interested  colleagues  as  a  direct  result  of  publishing  their 
work  on  our  Web  site.  By  constantly  updating  news  on 
interesting  applications  and  innovative  R&D,  we  keep  the 
specialist  informed  and  show  the  newcomer  our  areas  of 
expertise. 

Educational  and  Training  Materials 

Remote  sensing  is  blessed  with  eye-catching  images  that 
draw  the  attention  of  the  casual  surfer  and  leave  one  with  a 
thirst  to  learn  more.  Once  we  were  convinced  that  our  site  had 
sufficient  depth  of  informative  content,  we  had  some  time  to 
catch  our  breath  and  concentrate  on  the  potential  of  our  site 
for  delivering  some  educational  material.  We  decided  to  target 
high  school  level  students  as  well  as  the  ever  present, 
interested  surfer.  Remote  sensing  is  not  usually  part  of  most 
Canadian  high  school  curricula,  unless  students  are  fortunate 
enough  to  have  a  teacher  with  a  background  or  particular 
interest  in  this  field.  As  part  of  planning  for  this  section,  we 
knew  that  educators  should  be  involved  in  the  development  of 
materials. 

A  high  school  geography  teacher  evaluated  our  Web  site 
over  the  summer  and  provided  feedback  and  suggestions  for 


material  that  would  be  suitable  for  students.  Armed  with  this 
information  and  input  from  colleagues  who  had  produced 
educational  materials  for  Canada’s  School  Net,  we  designed 
our  first  educational  tool. 

Images  of  Canada,  a  remotely  sensed  tour  of  the  country, 
was  designed  to  appeal  to  students,  really  to  anyone  who 
wanted  to  learn  more  about  interpreting  remote  sensing 
images  and  it  could  serve  as  a  resource  tool  for  geography 
teachers.  Different  images  from  across  the  country  were 
selected  to  show  various  elements  of  remote  sensing  -  at  least 
one  for  each  province  and  territory.  The  images  covered  a 
wide  variety  of  satellite  and  airborne  sensors  including 
different  image  enhancements.  Each  image  is  fully  described, 
points  of  interest  within  the  image  are  highlighted,  and  the 
viewer  is  challenged  by  a  skill  testing  question  related  to  the 
image.  Figure  1  shows  an  example  of  an  Images  in  Canada 
page. 

Feedback  regarding  Images  of  Canada  has  been  extremely 
positive.  Shortly  after  its  Web  debut.  Images  was  selected  as 
''Canuck  Site  of  the  Day'\  It  is  also  listed  on  the  Canadian 
Science  Web's  Hall  of  Fame  page  and  under  the  Canadian 
School  Net's  section  on  Science,  where  it  is  receiving  rave 
reviews  from  teachers: 

"I  have  to  admit  first  that  the  Tour  of  Canada  is  the 
best  satellite  image  page  on  the  web.  Congratulations 
on  a  job  well  done.  It  is  extremely  well  organized  as  a 
learning  tool  I  am  using  the  page(s)  for  a  grade  13 
assignment  on  satellite  imaging  and  the  web.  Each 
student  has  only  25  minutes  to  complete  the 
exercise... " 

Buoyed  by  the  positive  response  to  Images  of  Canada,  we 
decided  to  develop  a  more  focused  educational  tool  to  cater  to 
our  visitors  who  want  a  more  substantive  introduction  to 
remote  sensing,  image  analysis  and  remote  sensing 
applications.  Working  with  an  internationally  known 
geomatics  company  that  has  a  strong  background  in  remote 
sensing  training,  a  series  of  modules  will  be  constructed  that 
cover  topics  from  the  electromagnetic  spectrum  to  radar 
applications.  Included  in  these  modules  will  be  evaluation 
tools  that  will  allow  users  to  gauge  their  understanding  of  the 
materials. 


FUTURE  PROSPECTS 


Plans  are  already  underway  to  make  the  internationally 
recognized  RESORS  database  (1971-1995)  of  over  90,000 
bibliographic  citations  in  remote  sensing  searchable  from  our 
Web  site.  Over  the  years,  CCRS  scientists  have  provided 
image  interpretation  and  radar  training  workshops  to  resource 
managers  all  over  the  globe  and  in  several  languages  -  we  still 
have  much  valuable  training  material  that  can  be  redesigned 
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Figure  1.  Example  screen  from  Images  of  Canada, 


for  distance  learning.  Another  objective  will  be  to  offer  some 
elementary  training  in  image  enhancement  and  data 
manipulation. 

By  using  site-access  statistics  to  gather  intelligence  about 
our  visitors  and  which  topics  are  most  popular,  we  can  clarify 
the  requirements  of  our  audience.  This  will  result  in  improved 
design  of  multi-media  learning  materials  to  target  diverse 
client  needs.  Further,  by  exploiting  developing  Web 
technologies  (e.g.  Java  applets)  we  will  be  strategically  placed 
to  maximize  the  potential  of  our  Web  site  to  inform  and 
educate. 
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Earth  Systems  Science  Education: 

Using  Remote  Imagery  and  Environmental  Data  Access 
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Abstract  —  The  Ohio  Sea  Grant  and  Earth  Systems  Education 
programs  at  The  Ohio  State  University  have  developed  a  CD- 
ROM,  hard-copy  materials  and  a  teacher  education  program  on 
“Enviromnental  Data  for  Teaching  About  the  Great  Lakes. 
Support  for  the  project  has  come  from  the  Great  Lakes  Protection 
Fund,  the  George  Gund  Foundation  of  Cleveland,  and  the 
National  Sea  Grant  College  Program,  for  a  three-year 
development  and  outreach  program.  Using  the  program 
materials,  teachers  can  gain  access  to  such  environmental  data 
as  site-specific  temperatures  and  precipitation  for  global  sites 
reporting  since  1890,  the  amount  and  types  of  toxic  chemicals 
released  by  reporting  sources  anywhere  in  the  United  States, 
water  quality  data  for  streams,  greenhouse  gas  concentration  at 
global  reporting  sites,  earthquake  position  and  magnitude,  wind 
patterns  over  water,  and  the  status  of  remedial  action  planning 
in  polluted  areas.  Some  key  areas  for  investigation  are  imaged 
with  Landsat  and  aircraft  photography.  Creative  teacher  leaders 
are  the  first  audience  for  the  program.  They  arc  educated  in 
how  to  use  these  new  tools  to  effectively  teach  about  the 
environment  in  relevant  and  exciting  ways,  and  provided  with 
support  for  conducting  additional  teai.  Iier  education  programs 
with  them. 

BACKGROUND 

The  Earth  System  Science  concept  was  originally  espoused 
by  the  National  Aeronautics  and  Space  Administration  (NASA) 
as  a  means  of  imaging  the  complete  scope  of  science,  organized 
around  and  contributing  to  an  understanding  of  the  Earth.  A 
large  group  of  science  educators  found  this  approach  appealing 
for  organization  of  tlie  science  curriculum  as  well,  and  developed 
Earth  Systems  Education  (ESE)  programs  for  teacher 
enhancement  to  foster  use  of  a  systems  approach  in  classrooms 
[!]• 

As  science  educators  in  the  United  States  consider  National 
Standards  for  Science  Education  [2]  to  guide  die  total  science 
program  in  school  contexts,  and  Benchmarks  for  Science 
Literacy  [3]  to  identify  levels  of  science  understanding  to  be 
achieved  by  students  after  a  given  number  of  years  in  school. 
Earth  Systems  educators  are  finding  justification  for  their 
approaches  as  well  as  new  opportunities  to  influence  the 
curriculum.  Like  the  national  curriculum  restructure  efforts 
recommend  for  all  of  science,  ESE  has  always  relied  on 
interdisciplinary  subject  matter,  collaborative  learning, 
investigations,  construction  of  knowledge  from  experiences, 
decisionmaking  activities,  and  “real  world  applications  of 
science.  Thus,  instead  of  simply  fitting  into  the  plans  of  others 
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for  science  education.  Earth  Systems  Education  should  become 
part  of  the  dialogue  and  help  the  public  and  the  educational 
establishment  see  how  the  ideas  of  Earth  systems  science  can 
be  incorporated  into  new  educational  stmetures  [4]. 

One  of  the  basic  understandings  of  ESE  is  that  “The 
development  of  scientific  thinking  and  technology  increases 
our  ability  to  understand  and  utilize  Earth  and  space”  [5]. 
Unfortunately,  it  is  often  the  case  that  what  emerges  through 
the  curriculum  is  not  the  development  of  scientific  thinking  and 
technology,  hut  facts  we  know  about  science  and  technology. 
Students  may  never  have  the  opportunity  to  collect  original  data 
or  even  use  real  data  collected  by  scientists.  Instead,  they  gather 
predictable  numbers  from  a  prescribed  “experiment”  or  study  a 
pre-interpreted  graph  in  a  textbook.  It  is  easy  to  conclude,  then, 
that  following  directions  carefully  results  in  “correct”  data,  and 
that  data  collected  by  real  scientists  is  part  of  a  complex  TRUTH 
to  be  learned. 

The  tools  of  electronic  networking  and  data  recovery  from 
archives  are  becoming  more  and  more  accessible  to  science 
classrooms  in  the  United  States  and  many  other  countries.  Most 
teachers,  however,  are  unaware  of  where  to  find  such  tools, 
how  to  use  them,  and  how  they  might  enhance  the  curriculum. 
A  project  at  The  Ohio  State  University  helps  teachers  conquer 
these  barriers.  Users  of  the  “Great  Lakes  Solution  Seeker”  CD- 
ROM  and  ancillary  hard  copy  materials  developed  through  the 
project  are  encouraged  to  develop  an  Earth  System  science 
question  they  feel  would  be  important  to  answer.  Examples 
might  include  a  broad  problem  such  as.  Why  is  the  catch  of 
lake  trout  declining?,  or  a  more  student-relevant  problem  such 
jis.  Will  it  be  safe  to  go  swimming  at  the  beach  today? ,  assuming 
data  are  available  on  recent  coliform  counts  or  chemical  spill 
dispersal  or  water  temperature.  Working  cooperatively,  they 
seek  the  data  that  will  help  them  understand  the  complexity  of 
the  problem  and  what  it  would  take  to  answer  the  question.  A 
“Tool  Kit”  of  resources  on  the  general  topic  area  gives  a  starting 
place  for  the  investigations,  and  users  are  encouraged  to  pureue 
any  productive  avenues  on-line  or  witli  tlie  given  data  sets.  Since 
few  classrooms  have  all  the  technology  desired  for  teaching, 
hard-copy  and  voice  phone  alternatives  are  provided.  Some 
examples  of  the  materials  are  described  here. 

Example  1.  How  much  does  a  coastal  region  erode  over  time? 

Many  areas  along  the  Great  Lakes,  as  well  as  along  other 
shorelines,  are  sites  of  dramatic  erosion.  Human  developments 
exacerbate  natural  processes  by  changing  runoff  amounts  and 
patterns,  as  well  as  removing  protective  vegetation  [5].  Coastal 
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processes  over  the  years  can  result  in  ti  c  loss  of  many  cubic 
meters  of  waterfront  propei  y,  including  threatening  or 
destroying  human  structures  s  .ich  as  roads  and  houses.  The 
data  for  studying  such  processes  can  be  obtained  from  state 
agencies  that  have  access  to  nationa'  databases  of  aerial 
photography.  The  data  can  be  searched  1  ;r  old  and  new  images 
of  the  same  area,  as  in  Fig.  la-b.  For  easiest  use,  photos  should 
be  altered  to  be  on  about  the  same  scale  (using  a  copy  machine 
or  graphics  software).  Students  in  middle  school  and  above 
can  draw  the  early  shoreline  on  tracing  paper,  then  compare  it 
with  the  more  recent  shoreline.  Knowing  the  scale  of  the 
photos,  they  calculate  the  surface  area  of  the  land  lost,  and 
attempt  to  relate  that  to  coastal  processes,  human  impacts, 
storm  events  and  such.  In  the  case  of  these  photos,  the  groins 
perpendicular  to  the  si  ore  have  interrupted  the  longshore 
current  and  the  protect!  /c  beach  has  disappeared. 

To  find  the  volume  oi  land  lost  requires  that  a  topographic 
map  be  added  to  the  av.hlable  data  types.  Students  examine 
the  contour  lines  to  fin(  out  how  high  the  bluff  is  above  the 
water,  then  multiply  thr,t  height  by  the  surface  area  lost.  In 
this  example,  the  area  e^st  of  tlie  groins  lost  land  at  the  rate  of 
22,737  cu  ft/yr  year,  while  west  of  the  groins  the  rate  was 
842 1  cu  ft/yr. 


Figure  la.  Aerial  photo  of  Painesville  Township  Park  (OH) 
in  1954. 


Figure  2.  Wind  directions  on  Lake  Erie,  as  depicted  by  the  Great 
Lakes  Forecasting  System. 


Example  2.  Are  Great  Lakes  water  levels  related  to  regional 
precipitation?  [7] 


A  second  “Tool  Kit”  on  the  CD-ROM  includes  information 
for  accessing  large  datasets:  lake  level  measurements  from  the 
U.S.  Army  Corps  of  Engineers,  and  weather  data  from  the 
National  Climate  Data  Center  of  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA).  Students  can  either 
access  the  data  on  the  internet 

http://sparky.nce.usace.army.mil 

http://www.ncdc.noaa.gov 

or  call  to  request  specific  searches  of  the  data  for  their  lake  and 
a  nearby  city.  Comparison  of  the  data  requires  that  they  analyze 
the  graphing  needs,  amount  and  utility  of  data,  and  determine 
the  most  effective  methods  of  arraying  information  to  search  for 
trends  and  relationships. 
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Figure  3.  Water  levels  in  Lake  Erie  from  1981-1985. 


Figure  lb.  Aerial  photo  of  Painesville  Township  Park  (OH) 
in  1973. 

Newer  technologies  are  now  available  for  such  studies.  At 
this  site  the  State  of  Ohio  has  in.stalled  a  video  monitor  that 
records  images  every  15  minutes  at  the  site.  A  computer 
registers  the  images  and  keeps  a  record  of  changes  in  wave 
action,  slumping,  and  otlier  factors.  A  Great  Lakes  Forecasting 
System  computer  model,  available  to  the  public  at  marinas 
and  on  the  internet,  enables  students  to  get  updates  on  wave 
heights  and  wind  directions  every  six  hours  [6].  It  is  interesting 
for  students  to  gather  s:,orm-related  archival  data  from  that 
system  and  match  it  wit!,  the  video  images  taken  at  l!^.e  same 
time. 


This  example  is  from  a  300-page  book  of  instructional 
activities  that  utilize  datasets  to  explore  important  questions  about 
global  change.  The  use  of  global  change  data  helps  students  to 
understand  media  reports  and  also  interpret  what  many  see  as 
frustrating  disagreements  among  scientists.  By  critically 
examining  data  themselves,  and  by  seeking  a  variety  of  data 
that  can  combine  to  help  answer  questions,  students  begin  to 
appreciate  how  scientists  approach  data  as  tools.  They  will  know 
that  data  from  individual  disciplines  do  not  answer  questions, 
and  few  datasets  graph  into  neat,  regular  curves.  It  is  a  major 
goal  of  Earth  Systems  Education  to  create  opportunities  for 
students  to  examine  the  ways  that  scientists  collect,  analyze  and 
interpret  data  about  the  ways  in  which  the  planet  is  changing 
[8]. 
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Example  3.  Toxic  pollution  issues  in  the  Great  Lakes 

The  CD-ROM  for  tire  project  [9]  includes  a  HyperCard  stack 
about  the  42  Areas  of  Concern  (AOC,  Fig.  4)  that  have  been 
singled  out  in  the  region  because  water  quality  is  impaired  for 
some  uses  in  those  areas.  Many  of  these  sites  are  river  mouths 
and  harbors  that  for  years  received  the  wastes  of  cities  and 
industries,  and  are  now  polluted  to  the  point  that  fish,  waterfowl, 
and  perhaps  even  human  cwisumers  of  fish  have  high  levels  of 
toxic  chemicals  in  their  bodies.  Each  AOC  is  represented  on 
the  CD  by  interactive  information  bases  in  which  the  problems 
are  identified,  characU  ;istics  of  the  area  are  shown  on  a  satellite 
image,  and  Remedial  .Action  Plans  are  presented.  An  audio 
challenge  is  given  to  the  students  at  each  site,  to  explore  potential 
data  sources  or  compi<risons  that  can  assist  them  in  answering 
questions  about  the  areas.  The  final  CD  will  include  a  digital 
command  that  will  access  the  internet  address  of  the  AOC  or 
the  Great  Lakes  Information  Network  on  the  internet. 


Figure  4.  The  Great  Lakes  Areas  of  Concern 
CONCLUSIONS 

The  use  of  environmental  data  and  remote  images  enhances 
studies  of  the  Earth  system  by  enabling  students  to  see  how 
scientists  function  in  their  research.  Such  studies  demonstrate 
to  students  that  Earth  system  science  does  not  have  one  scientific 
method,  i.e.  the  experimental  approach  touted  as  tlie  only  correct 
way  to  do  a  science  fair  project,  but  instead  employs  descriptive 


and  historical  approaches  and  datasets.  Using  the  materials 
from  this  project,  teachers  in  the  U.S.  and  Canada  not  only 
gain  confidence  in  their  ability  to  find  and  use  environmental 
data,  but  also  see  the  value  of  teaching  in  an  Earth  systems 
mode,  integrating  disciplines  and  exploring  the  answers  to 
relevant  questions. 
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The  extraction  of  thin  linear  structures  like  roads,  rivers  and 
railway  lines  from  Synthetic  Aperture  Radar  (SAR)  scenes  has 
been  shown  to  be  a  difficult  task  owing  to  the  speckle  effects  of 
coherent  imaging  (e,g.  Hendri  et  al,  1988).  Therefore,  for  line 
extraction  it  is  reasonable  to  use  all  information  SAR  scenes  offer, 
and  not  only  the  amplitude  data.  One  source  of  additional 
information  is  the  coherence  data  computed  by  interferometric 
processing  of  two  SAR  scenes. 

The  visibility  of  linear  structures  in  SAR  coherence  data  has 
been  investigated.  Scene  pairs  from  the  ERS-1  and  the  ERS-2  SAR 
sensors,  the  X-SAR  experiment  and  a  scene  from  a  two-antenna 
airborne  SAR  system  were  evaluated.  The  time  difference  between 
the  acquisitions  of  the  spaceborne  scenes  forming  interferometric 
scene  pairs  was  one  to  35  days.  An  optimal  size  of  the  correlation 
window  used  to  derive  coherence  maps  for  linear  structure  ex¬ 
traction  was  determined  by  visual  inspection.  The  correlation 
between  the  intensity  and  the  coherence  data  was  used  to  infer  how 
much  information  the  coherence  adds  to  the  information  of  the 
amplitude  of  both  scenes 

DERIVATION  OF  SAR  COHERENCE  DATA 

At  the  beginning  of  the  interferometric  processing  of  the 
spaceborne  scenes  three  to  four  pairs  of  candidate  conjugate  points 
are  identified  and  digitized  interactively  at  the  computer  screen. 
The  exact  locations  of  these  points  are  determined  by  a  subpixel- 
accurate  matching  procedure  seeking  for  the  maximum  complex 
correlation  coefficient.  From  the  successfully  matched  points  mean 
translations  of  the  second  scene  with  respect  to  the  first  scene  are 
computed. 

With  these  translation  values  a  coherence  image  is  derived  for 
a  comparatively  small  region  (e.g.  200x200  pixels)  in  the  center  of 
the  region  of  interest.  After  the  second  scene  is  resampled  to  the 
geometry  of  the  first  scene  using  a  bicubic-spline  interpolation,  the 
interferogram  is  derived  in  the  original  resolution  of  the  scene. 
From  this  interferogram  the  interferogram  of  a  "flat  earth"  is  sub¬ 
tracted  using  the  approach  described  by  Hartl  &  Xia  [1993]. 
Finally,  the  correlation,  i.e.  the  coherence,  is  computed  for  a  pre¬ 
defined  window  size.  As  the  evaluated  region  is  small,  the  co¬ 
herence  computation  can  be  repeated  very  rapidly.  Therefore,  with 
a  hill  climbing  procedure  to  maximize  the  average  coherence  the 
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initial  translation  values  can  be  refined  by  iteratively  changing 
them  and  recomputing  the  coherence  data. 

After  this  coarse  registration  procedure  precision  registration 
is  conducted.  The  complete  region  of  interest  is  covered  with  a 
lattice  which  consists  of  a  few  grid  points  in  each  co-ordinate 
direction  (e.g.  5x5  points).  In  each  of  those  grid  points,  optimal 
translations  are  computed  using  the  above  hill  climbing  procedure 
for  a  small  region  (e.g.  80x80  pixels)  starting  with  the  translations 
from  coarse  registration.  Then  the  final  interferogram  is  derived. 
For  the  resampling,  translations  for  each  pixel  are  computed  by 
bilinear  interpolation  between  the  grid  points  of  the  precision 
registration  lattice.  With  a  simple  windowing  operation  coherence 
and  smoothened  phase  are  derived  from  the  interferogram  for 
varying  window  sizes. 

TEST  DATA 


Five  interferometric  scene  pairs  from  spaceborne  SAR  sensors 
were  processed,  and  an  interferometric  data  set  from  an  airborne 
sensor  was  evaluated.  Table  1  gives  an  overview  of  the  data  used. 


data 

set 

sensor 

location 

date  of 
first  scene 

date  of 
second 

scene 

time 

diff 

[days] 

base 

-line 

[m] 

Afoc 

[Hzl 

1 

ERS-1 

Palatinate 

91/11/24 

91/11/30 

6 

220 

40 

2 

ERS-1 

Bavaria 

92/06/01 

92/07/06 

35 

230 

30 

3 

ERS- 

1/2 

Siberia 

95/1 1/27 

95/11/28 

1 

80 

250 

4 

ERS- 

1/2 

Siberia 

96/01/01 

r  96/01/02 

1 

no 

240 

5 

X- 

SAR 

Bavaria 

94/10/08 

94/10/09 

1 

140 

230 

6 

TOP 

SAR 

California 

94/08/05 

2.5 

Table  1.  Test  data.  Afoc:  difference  of  Doppler  centroid  frequencies;  ERS-1/2: 
ERS-1  and  ERS-2  SLC  data  sets  from  the  tandem  mission. 


TEST  RESULTS 

The  test  mainly  consisted  of  a  visual  inspection  of  various 
linear  objects  in  the  coherence  and  amplitude  data.  For  each  data 
set  a  principle  component  transformation  was  conducted  for  one 
frost-filtered  amplitude  data  set  and  a  coherence  data  set.  In  all 
cases  amplitude  and  coherence  were  found  to  be  uncorrelated  to 
slightly  correlated.  This  means  that  the  coherence  data  set  in 
general  contains  independent  information  about  the  imaged  region. 
For  particular  objects,  like  roads  etc.,  this  is  not  true,  as  these  are 
either  darker  or  lighter  than  their  surroundings  in  the  amplitude  as 
well  as  in  the  coherence  data.  So  there  will  either  be  a  positive  or  a 
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negative  correlation.  Nevertheless,  the  additional  use  of  the  co¬ 
herence  is  valuable,  as  it  increases  the  distance  between  the  object 
data  and  the  data  of  the  surroundings.  For  the  spaceborne  data  sets 
the  correlation  between  the  two  amplitude  images  was  computed. 
They  were  usually  medium  to  highly  correlated.  Table  2  summa¬ 
rizes  the  results  of  the  computations. 


data 

set 

correlation  coefficient  of 
amplitude  and  coherence 

correlation  coefficient  of 
first  and  second  amplitude 

average 

coherence 

1 

0.24 

0.84 

0.54 

2 

0.29 

3 

0.06 

0.54 

0.69 

4 

0.09 

0.59 

0.71 

5 

0.13 

0.68 

0.31 

6 

0.31 

0.93 

Table  2.  Correlation  between  amplitude  and  coherence  images,  correlation 
between  the  two  amplitude  images  and  the  average  coherence  in  the 
region  of  interest. 


The  amplitude  and  coherence  images  of  test  data  set  1,  an 
ERS-1  scene  pair  of  Ludwigshafen,  Germany,  are  shown  in  Figs.  1 
and  2.  The  coherence  image  shows  interesting  patterns  of  the 
agricultural  areas.  Some  of  the  fields  must  have  been  cultivated 
between  the  two  passes.  Linear  structures  are  not  as  clearly  visible 
as  in  the  amplitude  image.  This  is  mainly  due  to  the  reduced  reso¬ 
lution  of  the  coherence  data  which  have  to  be  computed  inside  of  a 
window  including  several  pixels.  The  coherence  was  computed  for 
window  sizes  of  5x1,  11x3,  15x3  and  25x5  pixels.  Though  the  5x1 
window  offers  the  best  chance  to  derive  coherence  data  with  a  high 
resolution,  it  is  not  recommendable  as  the  results  are  very  noisy. 
The  25x5  window  is  also  disadvantageous,  as  it  smoothes  over 
linear  features  and  results  in  artifacts  around  highly  coherent  loca¬ 
tions  such  as  buildings.  Therefore,  the  11x3  and  15x3  window 
sizes  are  considered  optimal  for  this  application.  For  the  further 
computations  the  11x3  window  was  preferred,  as  it  results  in  a 
slightly  higher  resolution  than  the  15x3  window. 

The  ERS-1  35-days-orbit  scene  pair  of  Oberpfaffenhofen, 
Bavaria,  was  largely  incoherent.  A  reasonable  interferometric 
processing  was  not  possible. 

Figs.  3  to  5  show  the  amplitude  image  of  a  Siberian  test  site 
and  the  corresponding  coherence  images  derived  from  two  scene 
pairs  of  the  ERS-l/ERS-2  tandem  mission  (data  sets  3  and  4).  The 
scenes  are  highly  coherent  and  the  coherence  data  contains 
valuable  information  about  rivers  and  pipelines  crossing  the  scene. 
Figs.  6  and  7  show  the  coherence  images  of  an  enlarged  section  of 
the  same  area.  The  straight  dark  line  in  Fig.  6  is  a  road  appearing 
to  be  comparatively  incoherent.  In  the  second  data  set  (Fig.  7),  the 
same  road  is  more  coherent  than  its  surroundings.  This  phenome¬ 
non  may  be  caused  by  height  changes  due  to  traffic  between  the 
acquisitions  of  the  scenes  of  the  first  data  set.  A  look  into  the 
phase  data  derived  from  data  set  3  (Fig.  8)  unveils  that  the  road 
area  is  not  completely  decorrelated,  as  the  phase  data  of  the  road  is 
relatively  constant.  The  phase  difference  between  the  road  and  its 
surroundings  is  surprisingly  large  (3  to  4  radians)  indicating  a 
change  of  height  between  the  passes  of  ERS-1  and  ERS-2. 

The  amplitude  and  coherence  of  the  X-SAR  data  5  is  shown  in 
Figs.  9  and  10.  The  average  coherence  is  rather  low  which  may  be 
due  to  the  fact  that  the  X-SAR  SSC  data  was  not  common-band 
filtered  to  eliminate  the  influence  of  the  difference  of  the  Doppler 


centroids  of  230  Hz  (Gatelli  et  al,  1994;  Geudtner,  1995).  In 
general,  the  residential  and  industrial  areas  have  a  considerably 
higher  coherence  than  the  agricultural  and  forested  areas.  The  only 
linear  object  clearly  visible  in  the  coherence  data  is  a  runway  at  the 
right  of  the  center  of  the  image. 

The  airborne  data  set  6  shows  a  build-up  area  with  city  streets 
which  are  clearly  visible  in  the  amplitude  and  the  coherence  im¬ 
ages  (Figs.  1 1  and  12).  The  high  resolution  of  the  sensor  as  well  as 
the  high  coherence  of  single  path  interferometry  is  very  advanta¬ 
geous. 

CONCLUSIONS 

The  tests  have  shown  that  coherence  data  contain  information 
about  linear  objects,  if  these  have  a  width  slightly  larger  than  the 
system  resolution.  Amplitude  and  coherence  are  largely  uncorre¬ 
lated.  In  coherence  derived  from  ERS-1  and  X-SAR  scenes  rivers 
and  highways  are  visible.  Railway  lines  usually  could  not  be  iden¬ 
tified.  For  the  extraction  of  linear  structures  we  found  a  window 
size  of  11x3  pixels  for  coherence  computations  to  be  optimal. 
Independent  from  the  time  difference  between  the  acquisitions  of 
the  scenes,  coherence  of  linear  objects  depends  on  the  events 
occurring  between  the  passes  which  makes  the  use  of  coherence 
data  for  object  extraction  rather  difficult.  Though  data  sets  with 
varying  time  difference  have  been  used,  the  assumption  that  man¬ 
made  linear  objects  can  be  identified  more  easily  in  data  sets  with 
a  larger  time  difference  as  they  are  changing  to  a  lesser  degree  than 
the  surrounding  natural  areas  could  not  be  verified.  Furthermore, 
the  visibility  of  linear  objects  depends  on  the  surrounding  objects 
and  their  coherence.  A  higher  resolution,  like  that  of  an  airborne 
sensor,  would  be  very  advantageous  for  the  detectability  of  linear 
objects. 
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Abstract  —  A  method  for  detection  of  point-like  moving 
objects  and  for  estimation  of  their  velocities  with  airborne 
synthetic  aperture  radar  (SAR)  is  presented.  This  method  is 
based  on  evaluation  of  the  temporal  correlation  in  a  sequence  of 
single-look  SAR  images  which  are  processed  using  look  filters 
with  different  center  frequencies.  In  these  images,  candidates 
for  moving  objects  are  detected  and  a  displacement  vector 
estimation  is  performed  for  each  candidate  using  a  block 
matching  algorithm  as  known  from  e.  g.  videotelephony.  From 
the  displacement  vectors  the  velocities  of  the  candidates  in 
azimuth  direction  are  calculated.  The  proposed  algorithm  has 
been  applied  to  simulated  and  real  raw  data.  The  azimuth 
velocity  component  has  been  estimated  with  high  accuracy,  and 
a  high  detection  probability  with  a  low  false  alarm  rate  is 
reached. 

INTRODUCTION 

Synthetic  aperture  radar  (SAR)  is  a  powerful  tool  to  produce 
high  resolution  microwave  images  of  the  ground.  Since  for  SAR 
processing  it  is  assumed,  that  the  observed  objects  are  static, 
moving  objects  cause  errors  in  the  SAR  images.  There  are  two 
significant  kind  of  errors,  depending  on  the  direction  of  the 
motion.  An  object  which  moves  in  azimuth  direction  is 
defocused  in  azimuth  direction  whereas  an  object  which  moves 
in  range  direction  is  shifted  in  azimuth  direction  in  the  SAR 
image  [1],  To  compensate  for  these  errors  it  is  necessary  to 
detect  the  moving  objects  and  to  estimate  their  velocities. 

Most  of  the  previously  proposed  algorithms  for  motion 
estimation  of  point-like  moving  objects  are  not  able  to  detect 
objects  which  only  have  an  azimuth  velocity  component.  They 
usually  work  on  range  compressed  SAR  raw  data,  either 
transformed  to  the  Doppler  frequency  domain  (e.  g.  [2],  [3]),  or 
to  a  time-frequency  domain  [4].  A  restriction  is  that  the  pulse 
repetition  frequency  (PRF)  normally  has  to  be  much  higher  than 
the  Doppler  bandwidth  of  the  clutter. 

In  this  paper,  a  new  method  for  detection  of  arbitrarily 
moving  ground-based  objects  and  for  estimation  of  the  azimuth 
velocity  component  is  presented,  which  also  works  with  a  small 
PRF.  This  method  is  based  on  evaluation  of  the  temporal 
correlation  in  a  sequence  of  single— look  SAR  images.  These 
images  are  processed  from  different  overlapping  frequency 
bands  with  constant  look  bandwidth  out  of  the  Doppler 
spectrum.  The  images  show  the  ground  at  different  look  angles 
and  therefore  at  different  times.  Thus,  the  objects  appear  at 
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different  positions  in  the  several  images  and  the  velocities  of  the 
objects  can  be  estimated. 

The  following  paragraphs  of  the  paper  describe  the 
generation  of  the  sequence  of  single-look  SAR  images  and  the 
three  main  steps  of  the  detection  and  velocity  estimation 
algorithm.  Afterwards  main  results  concerning  the  detection 
probability  and  the  estimation  accuracy  are  given. 

GENERATION  OF  THE  SEQUENCE  OF  SAR  IMAGES 

The  proposed  method  is  based  on  estimation  of  the 
displacements  of  point-like  moving  objects  in  a  sequence  of 
single-look  SAR  images.  The  generation  of  this  sequence  is 
carried  out  as  follows.  First  the  Doppler  spectrum  of  the  range 
compressed  SAR  raw  data  is  calculated  by  performing  a  fast 
Fourier  transform  (FFT)  in  azimuth  direction.  Then  the  Doppler 
spectrum  is  subdivided  into  several  overlapping  bands  and  a 
single-look  image  is  processed  from  each  band.  The  images 
show  the  ground  at  different  (horizontal)  look  angles  0/,  which 
depend  on  the  look  center  frequencies///,  as  given  by 

0^  =  arcsin^^,  (1) 

where  is  the  platform  velocity,  which  moves  in  positive 
azimuth  direction,  denoted  by  x,  and  X  is  the  carrier  wavelength. 
The  different  look  angles  also  imply  that  the  images  show  the 
ground  at  different  times.  The  look  bandwidth  has  to  be  chosen 
carefully.  If  it  is  too  small,  the  azimuth  resolution  will  decrease, 
on  the  contrary  if  it  is  too  large,  the  quickly  moving  objects  will 
be  defocused  and  will  lose  the  point-like  property. 

The  images  of  the  sequence  are  ground  range  corrected  and 
then  a  range  migration  correction  is  performed  by  shifting  the 
images  in  range  direction  according  to  the  change  of  the 
distance  between  antenna  and  ground  at  different  look  angles. 
After  this  manipulation  the  stationary  background  in  the  images 
remains  at  the  same  position,  whereas  the  positions  of  the 
moving  objects  change  from  image  to  image.  Due  to  the  single 
look  processing  the  images  contain  a  lot  of  speckle  noise.  This 
might  be  interpreted  as  a  moving  object  in  some  cases.  To  avoid 
this,  a  three  step  algorithm  is  performed,  which  evaluates  the 
images  of  the  sequence  consecutively,  beginning  at  the  image 
with  the  highest  look  center  frequency.  The  first  step  is  the 
detection  of  candidates  for  moving  objects,  which  later  are 
verified. 

DETECTION  OF  CANDIDATES  FOR  MOVING  OBJECTS 

In  each  image  of  the  generated  sequence  point-like  objects 
are  selected  as  candidates  for  moving  objects.  The  search  is 
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performed  by  starting  at  the  pixel  with  the  highest  intensity, 
which  depends  on  the  radar  cross  section.  Then  this  pixel  and  the 
surrounding  pixels  are  selected  as  one  candidate  if  the  following 
criteria  are  fulfilled: 

•  the  brightest  pixel  of  a  candidate  has  a  higher  intensity  than 
a  threshold  adapted  to  the  mean  global  intensity  of  the  image, 

•  the  number  of  pixels  belonging  to  one  candidate  is  between 
a  lower  and  an  upper  bound;  the  upper  bound  depends  on  the 
length  of  the  objects  in  azimuth  direction  and  is  therefore  be 
chosen  according  to  the  maximal  detectable  velocity; 

•  the  mean  intensity  of  the  pixels  of  a  candidate  is  noticeably 
higher  than  the  mean  intensity  of  the  surrounding  area, 

•  the  candidate  covers  a  closed  area,  and 

•  no  pixel  of  one  candidate  adjoins  a  pixel  of  another 
candidate. 

After  the  positive  or  negative  finishing  of  this  task,  the 
previous  steps  are  repeated  for  the  remaining  pixels  with  the 
same  intensity  and  afterwards  for  those  with  less  intensity  until 
a  threshold  is  reached. 

VELOCITY  ESTIMATION 


After  having  detected  candidates  for  moving  objects,  for  each 
candidate  a  displacement  vector  is  estimated  using  a  block 
matching  algorithm  as  known  from  e.  g.  videotelephony  [5]. 
This  algorithm  estimates  the  displacement  of  parts  of  the  image 
between  two  successive  images  S}  and  S2  of  the  sequence,  which 
are  called  frames  in  this  chapter.  To  obtain  the  displacement 
vector,  a  window  is  positioned  in  the  frame  S2,  so  that  the 
candidate  lies  in  the  center  of  it.  Then  in  frame  si  another 
window  is  put  at  the  same  position.  The  aim  is,  to  find  the  best 
match  between  the  two  windows  by  shifting  the  window  in 
frame  si  on  every  position  within  a  neighborhood  (full  search 
method).  For  that,  one  of  the  following  four  matching  criteria 
are  used,  the  cross  correlation  coefficient  (CCC),  the 
normalized  cross  correlation  function  (NCCF),  the  mean  square 
error  (MSE),  and  the  mean  absolute  difference  (MAD).  The 
NCCF  criterion  shows  the  best  results.  The  results  of  the  MSE 
criterion  are  nearly  as  good  as  the  results  of  the  NCCF,  with  the 
advantage  of  a  faster  implementation.  The  NCCF  is  defined  by 


/^sl(x,y)  •  -  ^x,y  - 

X,  v  X,  .V 


:,(2) 


where  (x,  y)  is  one  of  the  positions  inside  the  window,  and  Ax 
and  Ay  are  the  position  shifts  between  the  two  windows. 
Equation  (2)  has  to  be  evaluated  for  each  different  position  of 
the  window  in  the  first  frame.  The  motion  vector  in  pixel  /  frame 
for  the  selected  candidate  is  then  given  by  that  shifts  Ax  and  Ay 
which  maximize  the  C^, ,  . 

The  azimuth  velocity  component  is  calculated  from  the 
displacement  vector  component  .  =  Ax  in  azimuth 


direction  and  the  range  dependent  time  difference  between  two 
successive  frames  which  is  given  by 


At 


A0  Rn 


2vL 


for  sin  6  1,  (3) 


where  A0  is  the  difference  between  the  look  angles  of  adjacent 
frames,  Rq  is  the  minimal  distance  between  antenna  and  object 
candidate,  and  Afi  is  the  difference  between  the  look  center 
frequencies. 

Let  6x  be  the  pixel  spacing  in  azimuth  direction,  then  we  can 
calculate  the  observed  velocity  in  azimuth  direction  to 


Vtv  6x 

=  —KT 


(4) 


This  velocity  is  not  the  real  one,  because  the  objects  do  not 
appear  at  the  right  positions  in  the  different  images.  Ouchi  [6] 
showed  that  the  azimuth  velocity  component  has  to  be  divided 
by  a  factor  of  2  to  get  the  real  velocity.  So  the  estimated  velocity 
finally  becomes 


Vtv  6x 

‘^ptx 

2  At 


A/,  X  R, 


(5) 


Here  beside  some  other  approximations,  the  assumption  is  made 
that  Vfx/vAx  ^  1  • 

Additionally,  it  deserves  mentioning  that  the  range  velocity 
component  cannot  be  well  estimated  that  way,  because  the  range 
migration  correction  causes  a  warping  of  the  range  position  of 
those  objects,  whose  range  velocity  component  is  not  zero. 
However,  this  warping  can  be  avoided  if  the  Doppler  shift  due 
to  motion  in  range  direction  is  compensated  prior  to  the 
generation  of  the  sequence. 


VERIFICATION  OF  MOVING  OBJECTS 


The  candidates  are  verified  to  be  moving  objects  if  their 
displacement  vectors  remain  quite  constant  during  a  fixed 
number  of  images.  This  means  that  the  absolute  value  and  the 
angle  of  motion  may  only  change  within  a  fixed  range.  If  this  is 
fulfilled,  the  counter  for  this  candidate  will  be  incremented  and 
it  will  be  finally  detected  as  moving  object,  if  the  dedicated 
number  of  images  is  reached. 

Finally,  in  order  to  improve  the  reliability  of  the  estimated 
azimuth  velocity  component  an  averaging  over  all  previously 
counted,  estimated  values  is  carried  out. 

RESULTS 

The  proposed  method  has  been  applied  to  simulated  raw  data 
and  to  real  raw  data.  A  PRF  of  1 .5  times  the  clutter  bandwidth 
and  a  sequence  with  16  images  are  used.  The  proposed 
algorithm  estimates  the  azimuth  velocity  component  with  high 
accuracy,  i.  e.  the  average  of  the  relative  error  is  8.0  %  for 
positive  vyy,  and  18.9  %  for  negative  vtjc  ranging  from 
±  10  km/h  ( ±  2.8  m/s)  to  ±  50  km/h  ( ±  13.9  m/s),  respective¬ 
ly.  The  attained  accuracy  depends  on  the  moving  direction  of  the 
object  due  to  the  approximations  in  (5).  For  this  results  the 
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NCCF  criterion  and  simulated  raw  data  of  moving  objects 
superimposed  by  real  clutter  data  with  a  signal— to— clutter  ratio 
of  0  dB  are  used.  The  platform  velocity  is  300  km/h  or  83  m/s. 
All  moving  objects  with  a  minimum  azimuth  velocity 
component  of  10  km/h  are  detected  even  if  they  move  in  direct 
neighborhood  to  a  strong  stationary  scatterer.  At  smaller 
velocities  the  detection  probability  decreases  slightly.  The  false 
alarm  rate  is  about  2  %.  The  maximal  detectable  velocity  can  be 
adjusted;  it  depends  on  the  maximal  Ax  in  (2)  and  the  maximal 
number  of  pixels  for  the  detection  of  candidates. 

The  proposed  method  also  works  well  if  the  objects  have  an 
additional  range  velocity  component  vjy.  In  an  example  two 
images  out  of  a  sequence  with  16  images  are  shown.  The 
azimuth  direction  .x  runs  horizontal .  The  5  moving  objects  in  the 
scene  have  the  velocity  components  vtx=^0  km/h  and  vyy 
ranging  from  -20  to  +20  km/h.  Fig.  1  shows  image  No.  6  of  the 
sequence,  where  2  objects  out  of  5  are  already  detected,  which 
is  marked  with  a  white  square.  In  Fig.  2  image  No.  1 1  of  the 
sequence  is  shown,  where  all  moving  objects  are  detected. 

First  results  by  applying  the  method  to  real  SAR  raw  data 
show  that  the  detection  probability  slightly  decreases,  but  that 
the  algorithm  still  works  well. 

CONCLUSIONS 

In  this  paper  a  new  method  for  detection  and  estimation  of  the 
azimuth  velocity  component  of  moving  objects  has  been 
presented,  which  works  on  a  sequence  of  single— look  SAR 
images.  These  images  show  the  ground  at  different  look  angles 
and  therefore  at  different  times.  So  the  object  velocities  can  be 
estimated  by  evaluating  the  temporal  correlation  of  successive 


Fig.  1  Single-look  image  No.  6  from  the  generated  sequence, 
look  center  frequency  is  125  Hz;  2  out  of  5  moving 
objects  are  detected  (marked  with  a  white  square) 


images.  The  advantages  of  the  method  are,  that  it  works  with  a 
small  PRF  and  that  also  objects  can  be  detected,  whose  range 
velocity  component  is  zero.  A  high  estimation  accuracy  is 
reached,  even  if  the  objects  are  superimposed  by  real  clutter 
data.  The  method  only  works  well  for  the  azimuth  velocity 
component,  but  it  could  be  extended  in  order  to  estimate  both 
components  of  the  velocity  if  the  Doppler  shift  due  to  motion  in 
range  direction  is  compensated  prior  to  the  generation  of  the 
sequence. 
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ABSTRACT 

The  use  of  a  self-affine  surface  to  test  three  phase  unwrap¬ 
ping  algorithms,  Cut-line,  Least-Squares  and  a  Region- 
Growing  is  discussed.  The  methods  were  chosen  to  be  a 
representative  set  of  modern  phase  unwrapping  methods. 

1.  INTRODUCTION 

Satellite  radar  interferometry  is  a  promising  technique  for 
estimating  the  topography  or  small  displacements  of  the 
Earth’s  surface.  This  is  done  by  measuring  the  phase  dif¬ 
ferences  between  two  registered  synthetic  aperture  radar 
(SAR)  images,  taken  with  a  time  lapse  and/or  a  shift 
in  the  viewing  angle  of  the  sensor.  Several  aspects  of 
the  InSAR  processing  algorithms  require  improvement  to 
form  a  fully  operational  technique,  such  as:  calibration 
and  phase  unwrapping.  The  phase  obtained  by  InSAR  is 
multi-valued  with  an  ambiguity  of  27r:  a  wrapped  phase. 
The  process  of  estimating  the  un~ambiguous  phase  from 
wrapped  phase  is  known  as  phase  unwrapping.  This  is 
one  of  the  most  critical  processes  in  InSAR. 

We  present  an  evaluation  of  several  of  the  representative 
phase  unwrapping  methods  [1]  using  realistic  simulated 
test  data.  The  chosen  phase  unwrapping  methods  are:  A 
variation  of  the  cut-line  method  reported  by  Joughin  [2], 
a  least-squares  (LS)  method  presented  by  Ghiglia  and 
Romero  [3],  and  a  region-growing  method  presented  by 
Xu  [4]. 

Simulated  data  are  used  because  one  can  control  the 
error  sources  and  make  a  direct  comparison  with  the  ex¬ 
pected  results.  In  addition,  the  lack  of  accurate  ancillary 
data  does  not  allow  a  systematic  comparison  between  ac¬ 
tual  satellite  InSAR  results  and  ground  truth. 

The  authors  wish  to  thank  the  Canada  Centre  for  Remote  Sens¬ 
ing,  MacDonald  Dettwiler,  the  Natural  Sciences  and  Engineering 
Research  Council,  the  BC  Advanced  Systems  Institute  and  the  BC 
Science  Council  for  their  financial  support  during  the  course  of  this 
work  and  Dr.  Joughin  and  Dr.  Xu  for  providing  their  phase  unwrap¬ 
ping  algorithm’s  code. 


Section  2  describes  the  characteristics  of  the  self-affine 
model  used  in  our  testing  procedure.  Section  3  presents 
the  phase  unwrapping  algorithms  tested.  Section  4  sum¬ 
marizes  our  results  and  finally  Section  5  presents  our  con¬ 
clusions. 

2.  SELF-AFFINE  TOPOGRAPHIC  MODEL 

The  concept  of  fractal  geometry  was  introduced  in  the 
70’s  by  Mandelbrot  [5]  for  the  description  of  natural  land¬ 
scapes.  Since  then,  the  fractal  nature  of  a  large  number  of 
natural  landscapes  has  been  experimentally  confirmed  by 
several  authors  [6].  The  use  of  fractal  concepts  in  remote 
sensing  is  not  new  but  is  still  under  development.  It  has 
been  used  for  SAR  scene  segmentation,  interpolation  and 
analysis  of  digital  elevation  models  (DEMs)  and  for  the 
simulation  of  raw  SAR  data  [7] . 

For  clarity,  we  should  recall  that  self-affinity  is  the  scal¬ 
ing  behavior  of  a  topographic  surface  that  relates  the  in¬ 
crease  of  the  horizontal  scale  by  a  factor  r  to  the  increase 
of  the  vertical  scale  by  a  factor  r^,  in  order  to  keep  the 
surface  statistically  identical.  If  an  small  portion  of  this 
kind  of  surface  is  sufficiently  enlarged,  the  result  is  sta¬ 
tistically  indistinguishable  from  the  whole  surface.  The 
exponent  H  is  referred  to  as  the  Hausdorff  measure  or 
Hurst  exponent  [8],  where  0  <  <  1.  And  it  is  related 

to  the  surface’s  fractal  dimension,  D,  bls  D  =  S  —  H. 

The  fractal  dimension  of  a  surface  can  be  interpreted 
as  its  roughness:  its  value  ranges  between  2  (completely 
smooth)  and  3.  Usually,  D  ranges  between  2.1  to  2.3  for 
natural  landscapes. 

A  self-affine  surface  provides  a  model  of  Earth’s  topog¬ 
raphy  which  has  realistic  statistical  properties  over  a  lim¬ 
ited  range  of  scales,  from  few  meters  to  thousand  of  me¬ 
ters. 

The  high  frequency  component  of  the  topography  is  one 
of  the  origins  of  phase  singularities  or  residues  in  real 
InSAR  data.  The  use  of  high  resolution  DEMs  to  test 
phase  unwrapping  algorithms  is  limited  because  they  are 
generated  by  stereomatching  or  by  interpolating  digital 
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contours  maps.  In  both  cases,  the  high  frequency  com¬ 
ponent  of  the  topography  does  not  appear  in  the  DEMs. 
On  the  other  hand,  the  spatial  frequency  components  of  a 
band-limited  self-affine  model  are  controllable  during  its 
generation,  overcoming  the  limitation  of  the  high  resolu¬ 
tion  DEMs.  Other  sources  of  phase  singularities  as  noise, 
phase  aliasing  or  mis-registration  can  be  easily  added  in 
the  simulation. 

We  selected  a  Fractional  Brownian  Motion  (fBM)  func¬ 
tion  as  a  self-affine  surface  to  perform  tests  on  phase  un¬ 
wrapping  algorithms.  fBM  has  been  used  for  the  simula¬ 
tion  of  random  surfaces  found  in  nature  such  as  mountain¬ 
ous  terrain  or  clouds.  It  is  an  extension  of  the  Brownian 
motion  concept  with  a  fractal  dimension  ranging  from  2 
to  3.  The  modeling  of  Earth’s  topography  by  a  fBM  does 
not  mimic  geomorphological  processes,  such  as  erosion, 
without  additional  processing.  But  is  realistic  enough  for 
our  purposes. 

3.  PHASE  UNWRAPPING  ALGORITHMS 

The  first  algorithm  considered  is  an  improvement  of  Gold¬ 
stein’s  cut-line  algorithm  [9].  This  implementation  was 
developed  by  Joughin  [2]  and  uses  a  binary  mask  derived 
from  the  coherence  values  of  the  2-D  phase-map  to  iden¬ 
tify  the  feasible  areas  to  unwrap. 

Cut-line  algorithms  are  based  on  the  identification  of 
phase  singularities  or  residues,  and  the  connecting  of  these 
residues  by  a  cut-line.  In  this  way,  the  phase-map  can 
be  unwrapped  without  ambiguities.  The  main  problem 
of  any  cut-line  algorithm  is  the  selection  of  the  joining 
paths  between  residues.  There  are  many  possible  paths, 
and  only  one  is  correct.  The  algorithm  implemented  by 
Joughin  attempts  to  differentiate  between  the  phase  in¬ 
consistencies  produced  by  noise  from  those  produced  by 
the  topography  of  the  area  under  observation. 

The  current  version  of  the  region-growing  approach  [4] 
uses  the  values  of  the  coherence  of  the  2-D  phase-map  as 
the  indicator  of  the  quality  of  a  point  to  be  unwrapped. 
The  unwrapped  phase-map  is  divided  into  regions  by  the 
value  of  the  coherence.  Each  of  these  regions  is  unwrapped 
beginning  with  a  point  with  small  phase  variability  in  his 
surroundings.  From  this  initial  point,  the  phase  unwrap¬ 
ping  follows  a  path  governed  by  the  minimum  phase  vari¬ 
ability.  When  a  point  is  surrounded  by  a  neighbourhood 
with  high  phase  variability,  it  is  either  marked  as  an  in¬ 
valid  point  or  is  unwrapped  in  a  later  iteration.  The  in¬ 
dividual  regions  are  joined  following  the  minimum  phase 
variability  of  their  common  boundaries. 

The  third  method  is  a  path-independent  approach  based 
on  a  fast  Poisson  solver  [3].  The  current  implementation 
uses  a  Picard  iteration  scheme  with  a  variation  described 
by  Pritt  and  Shipman  [10].  The  solution  of  the  Poisson 
equation  is  based  on  an  FFT  of  a  periodic  extension  of  the 


2-D  phase-map,  i.e.  double  reflection  plus  periodic  bound¬ 
ary  conditions. 

4.  TEST  RESULTS 

The  three  phase  unwrapping  algorithms  were  first  tested 
in  the  following  way:  A)  Generation  of  a  fBM  surface 
B)  Scaling  the  fBM  surface  in  order  to  generate  a  phase- 
map  with  enough  dynamic  range.  In  this  way,  the  scaling 
generates  several  27r  ambiguities.  C)  Wrapping  the  fBM 
phase-map.  D)  Estimation  of  the  coherence  of  the  fBM 
phase-map  for  the  use  in  the  region-growing  algorithm  and 
after  a  binary  conversion  for  the  use  in  the  cut-line  and 
Picard  iteration  algorithms.  E)  Running  the  algorithms 
and  comparing  their  output  with  the  original  self- affine 
phase-map. 

Fig.l  shows  the  original  and  wrapped  fBM  phase-map 
(coherence,  7=  0.96).  The  three  algorithms  correctly  un¬ 
wrap  this  first  example.  The  Picard  iteration  algorithm 
was  tested  with  only  half  of  the  fBM  phase-map  because 
its  convergence  rate  is  very  slow.  Fig. 2  shows  the  small 
difference  between  the  original  and  unwrapped  phase  us¬ 
ing  the  Picard  iteration  algorithm  after  200  iterations. 

A  second  test  was  carried  out  using  a  noisy  version  of 
the  fractal  phase-map.  Enough  Gaussian  noise  was  added 
to  the  phase  values  to  reduce  the  coherence  to  7  0.71. 

As  in  the  previous  case,  the  cut-line  and  region-growing 
methods  unwrap  this  phase-map  without  errors. 

As  a  third  test,  we  added  a  jump  near  a  27r  disconti¬ 
nuity  to  the. noisy  version  of  the  fractal  phase-map.  The 
goal  here  is  to  check  the  behavior  of  the  unwrapping  algo¬ 
rithms  when  a  phase  jump  is  present.  Note  that  in  a  real 
interferogram  this  situation  could  happen  at  layover  areas 
or  at  areas  with  large  topographic  changes.  However  the 
coherence  level  in  these  areas  is  low  in  real  interferograms, 
allowing  the  phase  unwrapping  algorithm  to  bypass  them. 

We  created  a  quarter  of  a  Gaussian  surface  in  order  to 
generate  a  phase  discontinuity  in  the  phase-map.  This 
Gaussian  surface  was  multiplied  by  a  self-affine  surface 
and  added  to  the  noisy  version  of  the  fractal  phase-map. 


Figure  1:  Original  (unwrapped)  and  wrapped  fractal 
phase-map  used  in  the  simulation:  each  cycle  in  the 
wrapped  case  represents  a  phase  change  of  27r. 
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Figure  2:  Phase  difference  between  the  original  and  un¬ 
wrapped  phase  using  the  Picard  iteration  scheme  after  200 
iterations. 

The  cut-line  algorithm  failed  this  test. 

Fig. 3  shows  the  27r  ambiguity  level  of  the  noisy  version 
of  the  fractal  phase-map  with  an  abrupt  27r  jump  and  the 
output  of  the  region-growing  approach.  The  white  spots 
on  the  right  part  of  Fig. 3  are  non-valid  regions  excluded 
from  the  unwrapping  process.  In  this  case,  a  2x  error 
appears  in  region-growing  unwrapping  procedure  (close 
to  the  location  (100,100)). 

5.  CONCLUSIONS 

The  topographic  modeling  of  Earth's  topography  by  a 
self- affine  surface  Vs.  real  DEMs  allows  a  direct  com¬ 
parison  of  phase  unwrapping  algorithms  to  the  expected 
results,  the  control  of  error  sources  and  the  inclusion  of 
higher  spatial  frequencies. 

In  our  testing  of  3  phase  unwrapping  algorithms  we  con¬ 
clude:  A)  The  three  tested  methods  work  properly  with 
comparable  accuracies  when  the  phase-map  has  high  co¬ 
herence.  B)  If  the  coherence  is  low  and  the  topography 
has  cliffs  edges,  then  2'ir  errors  appear.  This  is  expected 
given  the  characteristics  of  the  Gaussian  jump  used.  Each 
of  the  algorithms  seems  to  localize  phase  unwrapping  er¬ 
rors.  C)  In  terms  of  speed,  the  cut-line  approach  is  the 
fastest,  while  the  Poisson  solver  is  the  slowest. 
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Abstract  -  The  Atlantis  Interferometric  SAR  (InSAR) 
Workstation  is  implemented  in  the  ERGOv/5/a  image 
analysis  software  framework.  It  is  specially  designed  for 
spaceborne  repeat-pass  interferometric  SAR  data  and 
provides  both  research  and  operational  users  with  a 
complete  set  of  commands  and  tools  to  interact  with 
interferometric  SAR  data,  generate  interferometric  products 
and  develop  new  functions.  This  paper  describes  the 
objectives,  requirements  and  technical  outline  of  the  InSAR 
Workstation.  Examples  of  interferometric  products  will  be 
shown  using  JERS-1  data  of  the  Hyogo  Nanbu  (Kobe, 
Japan)  earthquake  that  occurred  on  January  17  1995. 

INTRODUCTION 

In  the  last  decade  SAR  repeat-pass  interferometry  has  been 
the  subject  of  intensive  research.  Although  it  is  still  at  a 
research  stage,  it  has  been  recognized  as  a  technique  that 
yields  highly  quantitative  information,  for  example  height, 
large  scale  deformation  and  (subtle)  change.  It  has  the 
potential  to  routinely  provide  Digital  Elevation  Models 
(DEM's),  maps  of  deformation  and  change,  and  to  allow  a 
full  geocoding  of  SAR  imagery.  A  growing  number  of 
applications  have  become  feasible,  and  even  more  are  being 
researched.  Perhaps  the  most  exciting  new  application  of 
SAR  interferometry  is  the  2-dimensional  mapping  of 
deformation  with  very  high  accuracy  (mm-  to  cm-level). 
Applications  include  earthquake  deformation  detection  and 
monitoring,  monitoring  of  crustal  movements,  volcanic 
movement,  land  slides  and  land  subsidence. 

Based  on  its  experience  in  building  COTS  (Commercial 
Off-The-Shelf)  SAR  processing  and  SAR  image  processing 
software,  Atlantis  is  now  developing  a  software  product  to 
be  made  available  called  the  InSAR  Workstation.  The 
primary  objectives  for  the  design  of  the  InSAR  workstation 
are  as  follows. 

1)  To  create  an  environment  in  which  research  users  are 
able  to  manipulate  InSAR  data  and  generate  products 
like  interferograms,  coherence  maps,  DEM’s  and 
deformation  maps  (sometimes  referred  to  as 
"differential"  InSAR).  It  should  give  them  the  ability  to 
investigate  different  algorithms,  add  their  own 


algorithms  and  validate  the  use  of  SAR  interferometry 
for  different  applications. 

2)  To  create  an  environment  in  which  operational  users  are 
able  to  routinely  generate  geocoded  InSAR  products  like 
DEM's,  and  deformation  and  change  maps  of  high 
quality  in  a  fast  and  user-friendly  way. 

Other  objectives  are: 

1)  To  generate  additional  products  like 

•  coherence  and  scene  coherence  maps 

•  terrain  slope  and  incidence  angle  maps 

2)  the  possibility  to  import  data  from  any  platform 
(RADARSAT,  ERS-1/2,  JERS-1,  Almaz). 

3)  To  import  SAR  SLC  data  from  any  SAR  processor 

4)  To  include  easy-to-use  toolkit  facilities  that  enable  the 
user  to 

•  process  data  of  varying  orbit  accuracy 

•  reduce/repair  phase  errors  during  and  after  the 
phase  unwrapping  process 

5)  To  add  tools  for  validation  of  the  products  e.g. 
comparing  generated  DEM's  to  an  input  DEM. 

6)  To  include  mosaic  functions 

7)  To  export  and  import  existing  DEM  formats. 

Details  of  the  processing  approach  are  given  below. 
Examples  of  interferometric  products  are  shown  using 
JERS-1  interferometric  SAR  data  of  the  Hyogo  Nanbu 
(Kobe,  Japan)  earthquake 

TECHNICAL  OUTLINE 

The  InSAR  workstation  is  developed  in  the  ERGOvista 
image  processing  and  function  development  framework. 
The  ERGOvista  SAR  processor  can  be  used  to  generate 
single-look  complex  SAR  image  data  from  raw  SAR  data. 
Seven  distinct  software  elements  can  be  distinguished: 

Kernel  Parameter  Generator. 

This  element  enables  the  user  to  validate  the  input  master 
and  slave  datasets  for  InSAR  use  in  terms  of  spatial 
overlap,  spectral  overlap  and  height  sensitivity.  It  generates 
all  parameters  required  by  the  other  6  kernel  elements.  Co¬ 
registration  parameters  are  generated  using  the  orbit  state 
vectors  at  given  epochs,  dataset  slant  range  and  timing 
information  and  earth  geometry  parameters.  In  case  of  low 
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quality  orbit  data,  user-friendly  absolute  and  relative 
tiepointing  facilities  are  available  to  improve  master  and 
slave  state  vectors.  Fine  co-registration  parameters  of  the 
slave  image  are  calculated  relative  to  the  previously 
determined  (coarse)  co-registration  parameters.  The  slave 
state  vector  is  updated  such  that  it  describes  the  updated 
parameters. 

Interferogram  Generator. 

The  master  and  slave  images  are  filtered  to  minimize  the 
effect  of  baseline  decorrelation  and  azimuth  spectral 
mismatch.  The  slave  image  is  resampled  using  the  co¬ 
registration  parameters  obtained  in  the  kernel  parameter 
generator.  The  phase  variation  due  to  a  selected  earth 
model  or  optionally  from  an  input  digital  elevation  model 
are  removed.  InSAR  DEM's  or  DEM's  from  other  origins 
can  be  used  for  this  purpose.  This  "topography  phase" 
removal  is  important  for  deformation  analysis  ("differential 
InSAR")  but  is  also  important  to  validate  the  accuracy  of 
InSAR  measurements  (e.g.  study  of  the  effect  of 
atmospheric  heterogeneities)  or  to  improve  or  update 
existing  DEM  data. 

Interferogram  Quality  Analysis  and  Enhancement 
Several  interferogram  enhancement  techniques  are 
available  that  attempt  to  smooth  the  phase  noise  and 
control  the  number  of  phase  residues.  An  imwrapping 
control  mask  is  generated  for  use  in  the  phase  unwrapping. 
A  coherence  map  and  optionally  a  signal-to-noise  ratio 
map,  a  scene  coherence  map  and  a  phase  slope  map  are 
generated. 

Interferogram  Phase  Unwrapping 

Several  phase  unwrapping  techniques  are  available  that  can 
operate  in  the  context  of  the  phase  unwrapping-mask.  A 
number  of  phase  residue  connection  algorithms  and  several 
hierarchical  strategies  are  available  that  can  be  configured 
such  that  the  phase  fidelity  of  the  unwrapped  phase  map  is 
optimized.  Users  have  several  user-friendly  unwrapping 
control  tools  that  allow  them  to  interact  directly  with  the 
unwrapping  process  and  enable  them  to  make  repairs  or 
adjustments  to  the  unwrapping  strategy 

Slant-range  DEM  or  Deformation  map  generator 
This  process  translates  an  input  image  of  absolute  phase 
values  to  either  height  values  or  deformation  values 
(depending  on  whether  the  user  selected  DEM  or 
deformation  map  generation)  using  the  parameters 
generated  in  the  Kernel  Parameter  Generator. 

terrain  Distortion  Removal 

This  process  also  uses  parameters  generated  by  the  Kernel 
Parameter  Generator  and  resamples  the  slant-range  DEM 


or  deformation  products  on  the  basis  of  a  supplied  slant 
range  DEM. 

Resampling  (Geocoding) 

The  geocoding  is  a  parametrically  controlled  resampling 
process  in  two  passes  that  generates  geocoded  InSAR 
products  in  standard  map  projections  (UTM,  UPS,  LCC, 
etc.). 

EXAMPLES  OF  INTERFEROMETRIC  PRODUCTS 

Figure  1,  2,  3  and  4  show  results  for  the  interferogram 
generated  from  JERS-1  data  recorded  on  October  10,  1993 
and  on  March  22,  1995  over  Kobe,  Japan.  The  size  of  the 
image  is  approximately  25  x  25  km.  The  areas  covered  by 
water  (ocean)  are  masked  out  (grey).  The  perpendicular 
component  of  the  interferometric  baseline  is  approximately 
540  m.  Figure  1  shows  the  interferogram  power.  Figure  2 
shows  the  filtered  interferogram  phase,  where  the  "fiat" 
earth  and  topographic  fringes  have  been  removed  using  an 
input  DEM  of  the  area.  The  remaining  phase  pattern  is  due 
to  large  scale  deformation  caused  by  the  Hyogo-Nanbu 
earthquake  on  January  17,  1995.  Figure  3  shows  the 
unwrapped  phase.  The  unwrapped  phase  has  been 
calculated  using  a  phase  residue  connection  algorithm  in 
combination  with  a  path  independent  unwrapping 
algorithm  that  is  available  in  the  InSAR  Workstation.  The 
maximum  absolute  phase  (white)  is  measured  at  Kobe 
harbor  at  the  lower  right,  and  is  approximately  +27  radians 
relative  to  the  "stationary"  background  phase.  Assuming  a 
horizontal  shift  towards  the  southwest,  this  value 
corresponds  to  a  deformation  of  1.5  m.  Figure  4  shows  the 
phase  coherence  of  the  scene.  Although  the  coherence  is 
low  (less  than  0.4),  the  interferogram  enhancement  and 
unwrapping  algorithm  managed  to  generate  good  quality 
interferometric  products. 

CONCLUSIONS 

The  objectives,  requirements,  and  technical  outline  of  the 
Atlantis  InSAR  workstation  have  been  described.  It 
provides  both  research  and  operational  users  of  spaceborne 
InSAR  data  with  a  complete  set  of  commands  and  tools  to 
interact  with  InSAR  data  and  to  generate  interferometric 
products.  Examples  of  data  of  the  Hyogo  Nanbu  (Kobe) 
earthquake  demonstrate  the  potential  of  repeat-pass 
interferometry  and  the  capability  of  Atlantis  to  create  an 
InSAR  workstation. 
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Fig,  1  Interfere  gram  power  of  the  JERS-1  scenes  of  October  10,  1993  and 
March  22  1995.  ©  NASDA  1993,  1995  ©  NIED,  Japan  &  Atlantis,  Canada 


Fig.  2  Interferogram  phase  of  the  JERS-1  scenes  of  October  10,  1993  and 
March  22,  1995.  ''Flat  earth"  and  topography  phase  have  been  removed. 

©  NASDA  1993,  1995  ©  NIED,  Japan  &  Atlantis,  Canada 


Fig.  3  Unwrapped  JERS-1  interferogram.  The  deformation  ranges  from  0 
(black)  to  1,5  m  (white).  ©  NASDA  1993,  1995  ©  NIED,  Japan  &  Atlantis, 
Canada 


Fig.  4  Coherence  image  of  the  JERS-1  interferogram.  The  coherence  ranges 
from  0  (black)  to  0.5  (white).  ©  NASDA  1993,  1995  ©  NIED,  Japan  & 
Atlantis,  Canada 
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ABSTRACT 

SAR  Interferometry  has  been  shown  capable  of  producing  accu¬ 
rate  digital  elevation  models.  InSAR  height  map  generation 
always  includes  a  transformation  from  the  unwrapped  phase  to 
terrain  height.  Various  methods  for  carrying  out  this  step  have 
been  presented  in  the  literature.  This  paper  compares  the  diffe¬ 
rent  methods  using  both  synthetic  and  real  data  for  spacebome 
and  airborne  geometries.  The  systematic  errors  introduced  by 
each  algorithm  are  analyzed.  For  each  method,  both  the  neces¬ 
sary  number  of  parameters,  as  well  as  their  required  accuracies 
are  evaluated  with  the  goal  of  minimizing  the  required  number  of 
ground  control  points.  The  impact  of  the  choice  of  geometry  on 
die  differential  InSAR  case  is  also  investigated. 

Keywords:  SAR  Interferometry,  Geocoding,  ERS-1 ,  DEM 

1.  INTRODUCTION 

SAR  Interferometry  makes  use  of  the  phase  difference  measured 
between  two  data  acquisitions  to  generate  height  information. 
Assorted  methods  are  described  in  the  literature  for  conversion 
from  interferometric  phase  difference  to  height  values. 

Our  implementation  of  the  interferometric  processing  consists  of 
automatic  orbital  and  fine  registration,  interferogram  calculation, 
coherence  calculation,  and  adaptive  filtering.  Phase  unwrapping, 
height  calculation,  and  geocoding  steps  follow  [9].  This  paper 
investigates  methods  for  the  transformation  from  phase  difference 
to  height.  Error  models  are  developed  to  investigate  the  question 
of  whether  or  not  systematic  errors  impede  automation  of  the 
phase  to  height  conversion  step,  with  the  goal  a  minimization  of 
the  number  of  ground  control  points. 

1.1  Sources  of  Baseline  Information 

The  InSAR  baseline  can  be  estimated  in  the  following  ways: 

•  Fringe  frequency  in  flat  area:  the  local  fringe  frequency  within 
a  flat  area  provides  an  estimate  of  the  normal  baseline  compo¬ 
nent. 

•  Orbit  to  orbit  approach:  the  baseline  is  calculated  for  each 
point  in  the  reference  orbit  on  the  basis  of  a  closest  approach 
criterion  or  zero  tangential  component  (Figure  1). 

•  Tiepoints  +  unwrapped  phase:  An  iterative  non-linear  least 
squares  fit  can  be  used  to  adjust  the  baseline  model  and  phase 
constant  [11]. 

•  Image  registration  relationship:  The  range  image  offset 
(known  to  subpixel  accuracy)  enables  triangulation  of  the  slant 
ranges  to  a  point  on  a  reference  ellipsoid  within  the  scene  [6], 

•  Image  simulation:  Using  precise  orbits  together  with  a  refer¬ 
ence  ellipsoid,  baselines  are  calculated  for  all  points  on  a 
coarse  grid  distributed  over  the  scene  [8].  Range  and  azimuth 
trends  are  captured. 

1.2  Baselines:  3D  and  2D 

In  the  repeat-pass  case,  given  non-parallel  tracks,  one  must 
choose  between  modelling  the  baseline  either  two  or  three- 
dimensionally. 

Figure  1  shows  a  top-down  cross-section  of  the  InSAR  geometry. 
One  sees  that  for  non-parallel  tracks,  the  3D  baseline  departs 


from  the  2D  approximation,  with  variation  mainly  in  azimuth 
but  also  in  range.  Solving  for  the  3D  baseline  requires  solution 
of  the  range-Doppler  equations  for  each  point,  which  vary  with 
range.  In  the  2D  baseline  model,  one  sets  as  criterion  either 
closest  approach  or  zero  tangential  component. 

For  an  ERS  tandem  pair  over  Bern,  Switzerland  in  October 
1995,  we  formed  a  differential  interferogram  from  synthetic 
interferograms  [10]  calculated  with  3D  and  2D  geometries. 
Systematic  phase  trends  were  observed  to  be  mainly  in  azi¬ 
muth.  Within  the  scene  tested,  approximately  30°  of  total  phase 
variation  was  observed.  There  were  both  range  and  azimuth 
phase  trends,  with  the  larger  effect  in  azimuth. 

Within  the  ERS  tandem  mission,  the  baseline  typically  has  a 
vertical  component  much  smaller  than  the  horizontal.  Figure  2 
shows  the  variation  in  the  baseline  components  over  a  day  in 
October  1995.  Using  ERS  precise  orbit  (PRC)  data,  the  instan¬ 
taneous  angle  between  the  orbital  planes  of  the  two  satellites 
was  measured  over  a  day.  Figure  3  shows  the  measured  angle 
plotted  against  the  satellite  nadir  latitude.  Larger  divergences 
have  been  observed  in  non-tandem  interferometric  pairs. 

Although  the  3D  baseline  model  is  most  general,  a  two  dimen¬ 
sional  model  is  computationally  simpler,  and  does  not  intro¬ 
duce  unacceptable  phase  trends  given  a  small  baseline 
divergence.  Solution  of  the  Range-Doppler  equations  is 
required  to  correct  errors  from  larger  divergences.  Correction 
of  errors  from  larger  divergences  requires  squint  processing. 


Figure  1:  Baseline  Geometries:  2D  and  3D  for  non-parallel  orbits 


2.  METHODS 

We  first  describe  the  different  methods  studied,  specifically, 
how  they  transform  unwrapped  phase  values  into  height  meas¬ 
urements.  All  require  at  least  a  single  control  point  {hg,  Qq,  and/ 
or  (|>o)  to  “calibrate**  their  geometry:  however  their  sensitivity  to 
parameter  errors  differs  significantly.  We  divide  the  methods 
into  two  categories:  those  that  operate  on  the  flattened  phase, 
and  those  based  on  the  “raw**  interferogram  phase. 

Unwrapped  Flattened  Phase:  In  this  class  of  methods,  the 
interferogram  is  first  flattened  (e.g.  using  orbit  data),  and  the 
flattened  phase  is  unwrapped.  This  unwrapped  flattened  phase 
is  then  directly  transformed  into  height. 

Unwrapped  Raw  Interferogram  Phase:  This  class  of  methods 
also  first  flattens  the  interferogram  (to  ease  unwrapping)  but 
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Figure  2:  ERS  tandem  baseline  components:  variation  over  Octo¬ 
ber  22-23, 1995 


Latitude  [degrees] 

Figure  3:  ERS  tandem  baseline  angle:  Variation  over  October  22- 
23, 1995  —  minimal  deviation  from  parallel  orbits 

then  reintroduces  the  absolute  phase  that  was  subtracted  during 
flattening  to  produce  a  “raw”  interferogram  with  unwrapped 
phase. 

In  the  repeat-pass  case,  the  difference  in  distance  between  the 
two  acquisitions  5^  is  related  to  the  unwrapped  “raw”  interfero¬ 
gram  phase  (j)^  as  5^  =  X/A%  •  -  <1)^)  ,  where  (t)c  is  a  single 

phase  constant  shift  for  the  unwrapped  interferogram. 

Far  Field  Approximation:  It  should  be  noted  that  assuming  B|| 
to  be  representative  of  the  slant  range  difference  is  invalid  for 
airborne  geometries,  and  is  also  inaccurate  for  satellite 
geometries  with  large  swaths.  Figure  4  shows  the  approxima¬ 
tion  geometrically. 

2.1  Normal  Baseline 

We  consider  one  method  that  operates  based  on  the  unwrapped 
flattened  phase.  One  of  the  earliest  phase  to  height  transforma¬ 
tion  methods  published  was  [7]: 

X,  •  r.  •  sin0 

where  is  the  slant  range  in  the  first  image,  the  normal 
component  to  the  baseline,  X  the  radar  wavelength,  and  6  the 
incidence  angle.  The  above  relationship  is  used  to  integrate 
across  the  image,  transforming  from  phase  to  height  values. 
The  modeTs  accuracy  suffers  from  using  only  a  single  normal 
baseline  value  for  all  heights  at  the  same  slant  range. 

2.2  Integrated  Incidence  Angle 

Another  phase  to  height  transformation  integrates  the  inci¬ 
dence  angle  over  the  image,  and  bases  the  height  estimates  on 
these  values  [2].  Taking  the  derivative  of  B^^=B^smQ.-B^cosQ. 
(N.B.  far  field  approximation),  the  incidence  angle  change  A0 
is 


A0  =  e,,i-9..  = 


471:  (Bj^cos0.  +  B^sin0.) 


•  A(t) 


(2) 


where  =  5j^cos0. +  J5  sin0..  Comparing  this  far- field 
approximation  with  a  differentiation  of  the  non-simplified 
range  difference  shows  that  (2)  results  in  an  error  of  approxi¬ 
mately  7J4n  •  /  (rj  •  B^J)  at  each  step. 


The  local  incidence  angle  is  used  to  calculate  the  local  height 
value  hi[3]:  h.  =  H-r^{ i)  cos0 . ,  where  H  is  the  satellite  ref- 


erence  height. 

5j.  (cosine  law) 

— — 

1  Sj.  (far  field) 

Figure  4:  Far-field  approximation 


2.3  Baseline  Rotation 

The  baseline  rotation  method  operates  by  first  estimating  the 
internal  angle  between  the  baseline  and  a  point  in  the  scene, 
and  then  rotating  the  baseline  through  that  angle  to  form  a 
look-vector. 

Far  Field  Approximation:  To  enable  simplified  models,  the 
slant  range  “look”  vectors  for  the  two  acquisitions  may  be 
assumed  to  be  parallel  (in  the  far  field).  The  internal  angle  \|f  in 
the  Doppler  plane  between  the  baseline  vector  and  the  local 
look  vector  is  then  approximated  [3]  by:  cos  (\|r)  =  ^/\B\ 
where  the  length  of  the  baseline  vector  B  is  |5| . 

Cosine  Law:  For  each  point  in  the  image,  given  knowledge  of 
the  difference  in  slant  range  distance  between  the  two  acquisi¬ 
tions  the  slant  range  distance  during  the  second  acquisition 
jr^l  is  then  |^r2|  =  |rj|  +5^.  The  cosine  law  [4]  then  allows 
calculation  of  the  internal  angle  \[/: 


cos  (y)  = 


2  •  |fi|  •  |Ci| 


(3) 


The  baseline  vector  can  now  be  rotated  down  to  form  the  local 
look  vector,  and  the  height  above  the  reference  ellipsoid  calcu¬ 
lated  [9]. 


2.4  Empirical  Lookup  Table 

A  newer  method  operates  empirically,  building  up  a  set  of 
coefficients  that  govern  the  phase  to  height  conversion  for  a 
coarse  grid  covering  the  scene  [8].  For  a  set  of  ellipsoid 
heights,  forward  geocoding  methodology  is  used  to  calculate 
phase  difference  values  for  points  in  the  grid.  All  points  then 
have  known  heights  and  phase  differences:  matrix  inversion 
provides  a  set  of  coefficients  (modelled  across  the  scene)  that 
govern  the  transformation  from  absolute  phase  to  height. 


3.  SIMULATIONS 


The  ERS  geometry  was  simulated  using  a  3D  curved  Earth 
model.  Various  baselines  were  tested.  The  simplest  model  was 
a  parallel  baseline,  with  flat  terrain,  and  Bj^=l00m,  and 
B^=10m.  Baseline  configurations  matching  typical  ERS  tan¬ 
dem  mission  values  (with  small  horizontal  and  vertical  base¬ 
line  divergences)  were  also  investigated.  Systematic  height 
errors  inherent  in  the  phase  to  height  transformation  methods 
were  revealed. 

The  normal  baseline  method  uses  the  same  baseline  and  inci¬ 
dence  angle  reference  values  for  all  heights  at  a  given  slant 
range  (reference  is  typically  zero  height).  Although  the  method 
had  no  error  for  terrain  constant  at  that  reference  level,  any  ter¬ 
rain  departing  significantly  (i.e.  1000m)  from  that  height 
results  in  serious  errors  (hundreds  of  metres),  as  the  height- 
dependent  change  in  the  normal  baseline  component  is  not 
reflected  in  the  model.  The  method  is  also  dependent  on  an 
accurate  initial  height  estimate  Hq. 

The  integrated  incidence  angle  method  is  similar,  in  that  it 
uses  the  same  knowledge  of  the  normal  baseline.  It  requires  a 
single  incidence  angle  0^^  as  initial  condition.  The  results  are 


343 


better  than  those  obtained  with  the  normal  baseline  method,  as 
its  method  for  calculation  of  the  local  normal  baseline  incorpo¬ 
rates  knowledge  of  the  local  incidence  angle  (see  Equation 
(2)).  The  method  also  depends  on  the  far-field  approximation, 
causing  small  systematic  height  errors,  even  on  flat  terrain. 

For  cases  with  no  orbital  divergence,  the  assumption  that  the 
look  vectors  and  parallel  causes  systematic  height 

errors  on  the  order  of  lO’s  of  meters  for  the  cases  studied.  The 
assumption  allows  simplified  estimation  of  the  baseline  based 
on  tiepoints  distributed  in  range  (and  azimuth  if  there  is  diver¬ 
gence).  However,  one  should  be  aware  that  systematic  errors 
are  introduced.  The  simplification  was  originally  applied  [3] 
over  a  16km  swath:  accurate  results  for  larger  areas  require 
more  careful  treatment.  In  the  case  of  azimuth  divergence,  both 
the  normal  baseline  and  integrated  incidence  angle  methods 
must  make  a  height  assumption  while  transferring  between  azi¬ 
muth  lines.  This  can  also  introduce  systematic  errors. 

The  baseline  rotation  methods  differ  from  the  preceding  two, 
in  that  they  do  not  integrate  across  the  scene.  They  operate  on 
the  unwrapped  ‘‘raw”  interferogram  phase,  and  treat  each  pixel 
independently  of  the  others.  An  estimate  of  the  phase  constant 
<j)c  is  required  as  the  initial  condition.  The  far-field  approxima¬ 
tion,  if  taken,  results  again  in  systematic  height  errors  (tens  of 
metres).  Use  of  cosine  law  more  accurately  reproduces  the  true 
baseline  geometry.  In  cases  with  larger  orbital  divergences,  the 
systematic  error  increases  due  to  the  2D  baseline  geometry 
used  (Figure  5).  These  errors  can  be  mitigated  through  tie- 
point-based  baseline  tweaking  [11]. 


Figure  5:  Horizontal  orbital  divergence  cosine  law  baseline  rota¬ 
tion  simulation  -  systematic  2D  baseline  errors,  8  millidegrees 


The  empirical  lookup  table  method  requires  a  single  phase 
constant  and  captures  the  true  3D  baseline  through  image  sim¬ 
ulation.  Given  highly  precise  knowledge  of  the  baseline,  and  at 
the  cost  of  increased  complexity,  orbit  pairs  with  significant 
divergence  can  be  accurately  treated  without  requiring  multi¬ 
ple  tiepoints  to  tweak  the  baseline  model. 

4.  GEOLOCATION 

The  location  of  each  pixel  may  be  determined  by  solving  equa¬ 
tions  describing  the  slant  range  sphere,  Doppler  Frequency, 
and  height  above  an  oblate  ellipsoid  [10].  The  generated  set  of 
irregularly  spaced  solutions  are  then  regridded,  with  “holes” 
filled  through  interpolation  from  neighbours.  Differences 
between  such  a  forward  geocoding  algorithm  and  the  conven¬ 
tional  reference-DEM  based  terrain-geocoding  [5]  appear  (not 
surprisingly)  where  the  interferometrically  measured  height 
departs  from  the  reference.  Figure  6  shows  the  differences 
between  forward  and  reverse  geocoded  interferometric  heights 
for  an  area  near  Bonn,  Germany.  Height  differences  appear  at 
gravel  pits  not  considered  in  the  reference  DEM:  differing 
height  references  result  in  planimetric  shifts.  Noisy  height  esti¬ 
mates  within  forested  areas  are  also  located  differently.  A  kid¬ 
ney-shaped  mask  marks  a  forested  area  that  was  not  penetrated 
by  the  phase-unwrapping  algorithm. 


Figure  6:  Height  differences  between  forward  and  reverse  geoco¬ 


ded  datasets,  saturation  at  ±5m  -  Bonn,  Germany 

5.  CONCLUSIONS 

The  assumption  of  parallel  look  vectors  in  the  far  field  allows 
simplified  baseline  estimation,  but  introduces  systematic  errors 
over  large  extents.  Accurate  results  for  larger  swaths  requires 
more  careful  treatment.  The  angle  between  the  orbital  planes  of 
the  two  ERS  satellites  was  found  to  be  less  than  two  millide¬ 
grees.  No  significant  latitude-dependency  was  found.  For  such 
1-day  repeat  tandem  data,  the  difference  between  2D  and  3D 
baseline  geometries,  if  not  corrected  with  tiepoints,  causes 
height  errors  on  the  order  of  less  than  a  metre.  Forward  geoco¬ 
ding  of  interferometric  height  estimates  results  in  planimetric 
accuracy  comparable  with  that  obtainable  through  conven¬ 
tional  terrain-geocoding.  Differences  appear  where  the  refer¬ 
ence  DEM  is  not  up  to  date  (e.g.  gravel  pits),  and  where  the 
interferometric  height  is  noisy  (e.g.  forested  areas). 
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Abstract 

In  this  paper,  we  present  a  solution  for  the  phase  unwrap¬ 
ping  problem  using  a  markovian  modelization.  The  com¬ 
putational  cost  of  this  approach  being  particularly  heavy 
in  phase  unwrapping,  we  propose  to  utilize  a  multigrid 
technique.  An  adaptative  model  is  proposed  in  order  to 
allow  discontinuities  in  the  unwrapped  phase  image.  Re¬ 
sults  are  presented  on  a  real  interferogram. 

INTRODUCTION 

Observation  of  interferometric  images  provided  by  Syn¬ 
thetic  Aperture  Radar  (SAR)  satellites  enables  the  recon¬ 
struction  of  Digital  Elevation  Models  (DEM)  of  a  region. 
The  elevation  of  a  ground  point  is  computed  from  the 
phase  difference  of  two  signals  backscattered  from  the 
same  point  and  emitted  from  two  different  positions  of 
the  satellite  [2,  3].  Since  the  phase  difference  may  only  be 
measured  modulo  27r,  the  problem  consists  of  estimating 
the  unwrapped  phase  for  each  point,  that  is  the  number 
of  complete  cycles  of  the  phase.  Thus,  phase  unwrapping 
is  a  labelling  problem  and  can,  therefore,  be  solved  with 
a  markovian  modelization.  An  algorithm  based  on  the 
Metropolis  simulated  annealing  process  with  an  energy 
function  allowing  phase  discontinuities  has  been  proposed 
in  [1].  It  reveals  good  robustness  to  noise  but  is  penalized 
by  a  very  high  computational  cost  due  to  the  residual 
gray  level  difference  between  the  unwrapped  phase  image 
and  the  data  (which  does  not  allow  the  data  potential  to 
be  a  quadratic  measure  of  the  gray  level  difference  but  is 
instead  27r  periodic).  Hence,  a  multigrid  algorithm  is  pro¬ 
posed  in  this  paper  which  cuts  down  computation  time 
significantly. 
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PROPOSED  METHOD 

In  a  multigrid  scheme,  scales  are  usually  built  with  dif¬ 
ferent  resolutions  generating  a  sequence  of  coarser  and 
coarser  grids  and  a  corresponding  sequence  of  energy  func¬ 
tions.  The  coarsening  of  a  grid  is  done  by  dividing  it  into 
blocks  and  then  identifying  each  block  with  one  of  its  ele¬ 
ments.  In  phase  unwrapping,  this  method  is  not  satisfac¬ 
tory  because  it  increases  the  undersampling  phenomena, 
called  aliasing,  which  already  exists  in  most  real  interfer- 
ograms  (i.e.  the  image  of  phase  differences).  In  order  to 
avoid  this  problem  we  propose  the  following  method : 
First  pseudo  partial  derivatives  and  are 

computed  from  the  interferogram  (f{x,y)  as  follows: 

^i^  =  ^{x,y)->p{x-l,y)  +  2kT:  (1) 

^:f^=^{x,y)-v{x,y-l)  +  2ky7:  (2) 

dy 

where 

kx  =  argmin  \>p{x,y)  -  <p{x  -  l.j/)  +  2fc7r|  (3) 
k^Z 

ky  =  argmin  \ip{x,y)  -  ip{x,y  -  1)  +  2fc7r|  (4) 

k^Z 

Hence,  the  pseudo  partial  derivatives  are  an  aproxima- 
tion  of  the  partial  derivatives  of  the  unwrapped  phase 
image  and  are  bounded  below  by  -tt  and  above  by  tt. 
The  coarsening  of  a  grid  is  then  done  by  integrating  the 
pseudo  partial  derivative  with  respect  to  x  (resp.  to  y) 
along  the  upper  (resp.  left)  edge  of  each  block  starting 
from  the  upper-left  point.  For  each  point  of  the  new 
grid,  three  values  are  stored :  the  value  of  the  upper-left 
point  {(pixo,yo)),  and  the  results  of  the  two  integrations 

M^o,2/o)+Ex  and  <p{xo,yo)+Ey  The 

potential  functions  Px  and  Py,  defined  on  cliques  of  order 
two,  are  computed  in  the  following  way : 

Px{si,S2)  =  P{‘p{xo,yo)+  ^  ^‘^^~'J^-—,‘p{xi,yo)) 

xS{xo-\-l,Xl} 

(5) 
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Pyisi,S3)  =  P{(p{xo,yo)+  ^ 

3/6{yo+l,2/i} 

(6) 

where  si  and  S2  (resp.  si  and  53)  are  two  neighboring 
sites  of  the  new  grid  in  the  x  (resp.  y)  direction,  Xo,  xi, 
yo  and  yi  are  the  coordinates  in  the  current  grid  coordi¬ 
nate  system  as  shown  in  the  figure  1  and  P  is  the  common 
potential  function  based  on  a  discontinuity  model  and  pre¬ 
sented  in  [1].  The  relaxation  is  then  processed  for  each 
grid  of  the  sequence.  Beginning  with  the  coarsest  grid, 
our  algorithm  performs  the  Metropolis  simulated  anneal¬ 
ing  process  at  each  level,  transfering  the  result  of  one  level 
to  the  next  one  and  so  on  untill  we  get  to  the  finest  grid. 


RESULTS 

The  advantage  of  our  multigrid  technique  is  that  we  ob¬ 
tain  immediatly,  i.e.  at  the  coarsest  grids,  a  rather  good 
estimation  of  the  global  dynamic  of  the  unwrapped  phase 
image  and  therefore  the  entire  relaxation  process  is  much 
faster.  We  present  a  result  on  an  (256  x  256)  ERS-1 
interferogram  of  the  Interlaken  site  in  Switzerland  (fig¬ 
ure  2).  The  whole  sequence  of  grids,  after  relaxation,  is 
shown  in  figure  3.  For  the  coarsest  grids,  the  relaxation 
is  deterministic,  the  number  of  sites  being  small.  The 
intermediate  grids  are  the  most  important  because  too 
many  errors  would  necessitate  heavy  computation  during 
the  relaxation  of  the  last  ones  in  order  to  correct  them. 
At  each  level  of  resolution  the  results  are  given  after  in¬ 
tegration  of  each  resolution  square  of  the  pseudo  partial 
derivative  in  the  y  direction  so  that  their  interpretation 
is  easier.  This  explains  why  vertical  lines  appear  in  the 
coarsest  grids :  they  are  due  to  the  errors  of  the  pseudo 
partial  derivatives. 
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CONCLUSION 

We  have  presented  a  new  algorithm  for  phase  unwrapping 
based  on  a  markovian  modelization  with  a  multigrid  tech¬ 
nic.  The  results  are  quite  satisfactory  from  many  points 
of  view:  robustness,  sensitivity  to  noise  and  preservation 
of  discontinuities.  Furthermore,  our  multigrid  approach 
allows  rather  fast  computation. 
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INTRODUCTION 

Recently  there  is  an  increasing  interest  for  Synthetic  Aper¬ 
ture  Radar  (SAR)  equipped  with  an  along-track  linear  array 
of  receiving  antennas  [1].  These  systems,  called  multichannel 
SAR  (M-SAR),  allow  doppler  and  angular  informations  to  be 
decoupled  by  means  of  the  along-track  interferometric 
processing.  Both  the  derivation  of  optimum  estimation  algo¬ 
rithms  for  physical  parameters  of  the  observed  surface,  in 
remote  sensing  applications,  and  of  clutter  cancellation 
schemes,  in  moving  target  detection,  require  the  definition  of 
a  model  for  the  covariance  of  the  space-time  clutter  echoes  to 
take  full  advantage  of  this  potentiality.  Moreover  a  proper 
representation  space  for  the  resulting  space-time  model  is 
required  to  adequately  interpret  the  results. 

Both  models  and  representations  are  available  separately 
for  single  channel  SAR,  where  the  long  observation  time  and 
the  consequent  non-linear  phase  history  of  the  echoes  are  the 
main  issues,  and  for  multichannel  systems  [2],  which  assume, 
on  the  contrary,  a  short  integration  time  and  focus  on  the 
angular  characteristics.  Our  aim  is  to  build  a  closed  form 
model  for  the  M-SAR  echoes,  which  takes  into  account  both 
non-linear  phase  modulation  and  angular  position  at  the  same 
time  and  to  define  a  proper  representation  space  for  it.  Even 
though  simple  to  handle,  the  model  should  encode  all  the 
main  characteristics  of  the  scattering  fi-om  the  observed  scene. 

M-SAR  ECHOES  MODEL 

With  reference  to  the  slant  plane  geometry  in  Fig.  1,  assume 
that  the  radar  transmitting  antenna  moves,  with  constant 
velocity  v,  along  a  straight  trajectory  at  a  fixed  distance  Ro 
from  the  q  axis  (crossing  the  r  axis  at  time  t=0)  and  has  a 
fixed  pointing,  orthogonal  to  the  flight  path.  The  sequence  of 
echoes  relative  to  the  N  pulses,  transmitted  with  pulse  repeti¬ 


tion  time  PRT,  is  received  by  a  uniform  linear  array  of  K  an¬ 
tennas,  parallel  to  the  radar  trajectory.  The  K  receiving  an¬ 
tennas  have  separate  receiving  channels  and  phase  centers  at 
distance  s^=(k-(K-l )l2)t^,  k=0,..,K-l  from  the  transmitter. 

A  pointlike  scatterer  T  is  assumed  to  be  for  t-0  on  the  q 
axis  at  the  position  Xq  and  to  move  with  velocity  components 
Vq  and  Vr  along  the  two  axes  q  and  r,  named  along-track  and 
cross-track.  It  is  further  assumed  that:  (i)  the  range  cell  mi¬ 
gration  is  negligible  or  has  been  corrected  for;  (ii)  the  two 
way  antenna  pattern,  for  the  channel  k,  has  the  gaussian 
shape  g^[y]  =  l/(->JnX^)exp[-(y-sJ2f /X^],  being  y 

the  along-track  position  of  the  scatterer  relative  to  the  phase 
center  of  the  transmitter;  (iii)  quadratic  terms  in  the 
receiving  antennas  displacements  can  be  neglected  and  the 
Fresnel  approximation  is  valid  for  the  distance  of  the 
scatterer  from  the  transmitter  (narrow  antenna  pattern). 
Thus  the  echo  received  by  the  k-th  receiving  antenna  at  time 
tn  -  (n-(N-l )I2)  PRT,  N-1  can  be  modeled  as 

exp|-  (l  /  X,"  +  72  71  /  (  i? j)  [( V  -  +  s,  /  2  -  J I  (1) 

where  Ao  and  ^  are  constant  amplitude  and  phase  terms  and 
/d  =  2vr/X,  the  doppler  frequency  due  to  the  cross-track  ve¬ 
locity  for  the  wavelength  X,  Eq.  (1)  takes  indeed  into  account 
the  central  doppler  frequency  and  direction  of  arrival  (DO A) 
of  the  scatterer,  which  are  the  usual  model  for  space-time 
processing  techniques  based  on  a  short  integration  time. 
Moreover,  the  quadratic  term  encodes  the  time  varying  dop¬ 
pler  and  DOA,  observed  in  the  long  SAR  integration  time. 

The  clutter  echo  Ck(^),  received  at  time  t  and  receiving 
element  k,  is  obtained  by  integrating  the  echoes  ft*om  the 
infinitesimal  clutter  patches  of  dimension  dxq,  modelled  as 
eq.  (1)  with  instantaneous  reflectivity  Ao=  \i(xqj)  dxq.  The 
correlation  of  the  clutter  echoes  received  at  times 
^  ^  receivers  in  +  2x\  is 

<  (fn,  )  •  C.,  )  >  =  J  J  dx'^  (2) 

<  1^*  \  K  (tn, 

the  symbol  <.>  standing  for  the  statistical  expectation. 
Homogeneous  clutter 

The  model  for  homogeneous  clutter  is  obtained  in  the  hy¬ 
pothesis  of  factorization  of  the  spatial  and  temporal  correla- 
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tions,p^(;c)  and  p ,  (x ).  of  the  clutter  reflectivity: 

P,('c)  (3) 

Using  a  gaussian  spatial  correlation,  with  variance  ao^ 
p^(x)  =  exp[-x^  /(2a  J)] .  the  double  inte¬ 

gration  in  eq.  (2)  becomes  a  gaussian  function  of  the  space- 
time  displacement,  z  =  (v  -  v  ,)  t+t],  of  the  two  way  phase 
center  and  is  thus  stationary  in  both  space  and  time: 

p,(x)  1/^271  (L^+a^)  exp{-zV[2(E^-i-a^)]}  (4) 

where  =  1  /  [1  /  -t-  (2tc  XJ{X  Rjf]  is  the  square 

of  the  maximum  SAR  resolution.  By  taking  the  bidimensional 
Fourier  transform  of  eq.  (4)  with  respect  to  tune:  t  >  f,  and 
space:  sin(0)/X  «  6/X,  we  obtain  the  power  spectral 

density  (PSD)  as  a  function  of  frequency/  and  angle  6: 

P(/,0)  =  a^2:/X,  exp[-27tV/i'  (X'  +aj)e'] 

r,[/-/d-(v-v,)/X  0]  (5) 

where  U  (/],  is  the  Fourier  transform  of  pt(T).  In  the  absence 
of  temporal  decorrelation  (p,(t)=1),  P(f,  0j  reduces  to  a  sheet 
for  /=/d  +(v  -  V  q)  0/X,  whose  gaussian  shaped  amplitude  is 
controlled  by  the  variance  Z^+  o/.  This  reduces  to  the  square 
of  the  SAR  resolution  for  uncorrelated  reflectivity  and  grows 
with  the  spatial  correlation  otherwise.  This  can  be  expe- 
cially  important  for  the  new  generation  of  VHF  SAR  sys¬ 
tems,  to  which  the  reflectivity  of  a  natural  scene  can  appear 
more  correlated  than  to  microwave  sensors.  It  applies  also  in 
a  number  of  remote  sensing  applications  over  smooth  sur¬ 
faces,  as  sea  or  ice  covered  regions  and  in  some  planet  explo¬ 
ration  missions,  where  the  correlation  of  the  siuface  scatter¬ 
ing  is  not  negligible  and  also  a  coherent  contribution  can  be 
present  in  the  echo.  As  expected,  the  mean  cross-track  ve¬ 
locity  of  the  observed  surface  produces  a  constant  frequency 
shift,  whereas  a  mean  along-track  velocity  changes  the  slope 
of  the  clutter  ridge.  The  presence  of  temporal  decorrelation, 
spreads  the  PSD  around  the  straight  line  above,  according  to 
the  function  F,  [/],  while  X,  controls  its  amplitude,  affecting 
the  angle  over  which  the  transmitted  power  is  spread. 

Nonhomt^eneous  clutter 

The  effect  of  the  clutter  non-homogeneity  is  discussed  in 
the  following,  maintaining  the  factorization  for  spatial  and 
temporal  properties,  and  assuming  the  spatial  independence: 

<  li’(x,,t„_)-ll(^',t„,)  >  =  a^(j:,)  p,(t;x,) (6) 
In  this  condition  a  step  reflectivity  transition  is  addressed. 
This  is  a  simple  non-homogeneity  model,  which  applies  to  a 


number  of  physical  cases  of  interest,  as  the  transitions  from 
grass  to  wood,  ground  to  sea,  grass  to  aufield  and  grass  to 
buildings.  These  clutter  edges  are  points  of  major  changes  in 
environmental  surface  monitoring  and  likely  to  be  used  as 
hiding  locations  in  an  hostile  environment.  Thus  we  assume 


ol(x^)  p,(t;j:,) 


^,<^0  (7) 


where  generically  different  reflectivities  and  temporal  fluc¬ 
tuations  are  assumed  on  the  two  sides  of  the  edge  in  Xo.  For 
the  sake  of  simplicity,  different  cross-track  velocity  compo¬ 
nents  of  the  mean  surface  are  assumed  in  the  two  regions,  v, 
and  v/,  but  the  same  along-track  component.  Under  these 
conditions,  and  with  =  2(v^  -  vj/X  eq.  (2)  yields 


/?(^„,  >  ’  ^1  >  ^2  )  “  ^HOM  (^>  ^)  1  /  2  •  |a  oa  P  ,  (t  )  -H 

er/[^/2/X,  (p  -  x„  -  jnX^^  z/XRj]] 


(8) 


where  ^  =(v-v^)(t^+t^)/2  +  is^  +Si^^)/4  encodes 

the  non-stationarity  of  the  average  behaviour,  due  to  the  clut¬ 
ter  edge.  The  contributions  from  the  two  clutter  regions  are 
combined  in  amplitude  and  phase  according  to  its  value  in 
the  error  function  erf.  Now  the  covariance  is  not  any  more 
real,  as  it  was  in  the  homogeneous  case  thanks  to  the 
broadside  antenna  pointing,  since  the  clutter  edge  destroys 
the  average  symmetry  of  the  scattering  process  with  respect 
to  the  antenna  phase  center.  A  space-time  varying  PSD  must 
thus  be  defined  to  represent  eq.(8),  as  a  function  of  p.  This 
general  model  can  be  used  to  represent  the  transition  be¬ 
tween  ground  and  sea,  where  a  mean  doppler  is  considered 
only  for  the  sea  echoes.  On  the  contrary,  when  the  surfaces 
in  the  two  sides  of  the  edge  have  the  same  mean  velocity 
components  and  temporal  decorrelation,  eq.  (8)  simplifies  to 

/?(^„I  . ^15/^2)  ~^HOM  (^>0)  P(('^)(^oo  12  (9) 

{  l  +  ^r~^f  gr/[V2/X,  (p-x„-iz7tX,7(),/?J)]} 

^  ao  ab 

Still  maintaining  the  nonstationary  behaviour.  Eqs.  (8)-(9) 
are  easily  generalized  to  the  case  of  double  transitions,  (e.g. 
road  in  grass,  road  in  wood, ...  or  also  man  made  objects). 

Thus,  with  the  assumption  of  a  gaussian  antenna  pattern, 
a  simple  closed  form  model  has  been  derived,  which  takes 
into  account  a  number  of  physical  phenomena.  Despite  the 
ideal  assumptions  at  the  basis  of  its  evaluation,  it  allows  to 
correctly  represent  the  influence  of  the  scene  reflectivity 
properties  on  the  covariance  of  the  clutter  echoes.  This  in¬ 
cludes  the  effect  of  spatial  and  temporal  correlations,  non¬ 
homogeneity  of  the  scene  and  mean  surface  motion. 
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REPRESENTATION 

The  angle-frequency  plane  (0,/)  in  Fig.  2  is  the  preferred 
representation  space  for  the  clutter  covariance  in  multichan¬ 
nel  systems  [2].  A  short  observation  time  is  assumed,  so  that 
doppler  frequency  and  DOA  of  the  single  scatterer  are  con¬ 
stant  and  the  array  of  receivers  is  used  to  exploit  the  scatter- 
ers  angle.  The  PSD  in  eq.  (5)  is  directly  mapped  into  this 
plane,  which  seems  thus  appropriate  for  homogeneous  clutter. 

Though,  when  the  observation  time  is  long,  both  DOA 
and  doppler  frequency  of  the  clutter  echo  from  the  single 
surface  scatterer  depend  on  time  (eq.  (1)).  This  can’t  be  rep¬ 
resented  in  the  (6,/)  plane,  where  the  contribution  from  each 
patch  of  an  hcmogeneous  clutter  moves  in  time  along  a  line 
with  constant  slope  (see  arrows  in  Fig.  2).  Since  the  scat- 
terers  that  quit  the  antenna  beam,  are  replaced  by  the  new 
entered,  in  the  average,  the  same  PSD  is  observed.  This 
doesn’t  apply  for  a  nonhomogeneous  clutter,  which  results  in 
a  nonstationary  covariance  and  thus  in  a  time-varying  PSD. 
Specifically  for  the  step  transition  in  eq.  (8),  the  clutter  edge 
moves  during  the  observation  time  over  the  gray  area  in  Fig. 
2.  Moreover,  since  the  time-varying  characteristic  of  the 
echo’s  DOA  and  doppler  spread  its  power  over  a  line  in  the 
(0,  f)  plane,  the  gain  of  the  SAR  coherent  integration  over 
the  noise  can’t  be  related  directly  to  doppler  or  angular  filter¬ 
ing  in  this  plane.  This  applies  also  for  the  detection  of  tar¬ 
gets,  with  a  motion  different  from  the  clutter  patches. 

The  time-frequency  plane  (tj)  in  Fig.  3  is  the  preferred 
representation  space  fcr  single  channel  SAR,  where  a  long 
observation  time  is  considered.  It  allows  the  correct  represen¬ 
tation  of  the  time  varying  characteristic  of  the  doppler  fre¬ 
quency  but  doesn’t  contain  angular  information.  Thus  the 
doppler  frequency  /  of  the  generic  scatterer,  shown  in  this 
plane,  relates  to  a  combination  of  cross-track  velocity  and 
angular  position:  this  ambiguity  cannot  be  resolved.  This  is 
shown  in  Fig.  3,  where  solid  and  dashed  lines  represent  the 
echo  from  the  same  hcmogeneous  clutter  patch,  received  by 
different  channels.  The  clutter  edge  is  localized  in  time  in  the 
(tJ)  plane  and  the  SAR  coherent  integration  gain  is  now  clear. 


/ 

Fig.  2  -  Frequency-  angle  plane 


From  the  analysis  above  results  that,  to  interpret  properly 
the  MSAR  echoes,  a  higher  dimensional  space  is  required, 
which  allows  both  doppler  frequency  and  DOA  to  be  repre¬ 
sented  as  functions  of  time.  The  space-time-fiequency  space 
(0,  r,  /),  in  Fig.4,  is  thus  introduced.  Its  integration  over  the 
temporal  axis,  collapses  it  back  into  the  (0,  f)  plane,  while 
the  integration  over  the  angular  axis  collapses  it  into  the  (tf) 
plane.  In  this  space  the  motion  of  the  scatterer  echoes  in  the 
doppler-angle  limits  of  the  antenna  beam  are  correctly  repre¬ 
sented  for  both  homogeneous  and  nonhomogeneous  scene: 
(_  .  „),  as  well  it  is  a  target  echo:  (_  .  .  „).  The  motion  of 
the  clutter  edge  is  now  fully  represented,  as  shown  in  Fig.  4. 
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Abstract  -  It  is  here  presented  an  international  cooperative 
work  in  the  field  of  volcanoes  monitoring  by  means  of  SAR 
interferometry.  The  case  study  of  the  SIR-C/X-SAR  mission 
over  MtErna,  Sicily,  Italy  is  detailed. 

INTRODUCTION 

The  problem  of  surveying  field  settings  which  are  not 
practical  or  safe  to  be  directly  inspected  is  one  the  most 
prominent  application  of  remote  sensing  [1]. 

Within  this  framework,  the  importance  of  volcanic  sites  is 
remarkable  [1-4].  Syntethic  Aperture  Radar  (SAR)  is  a 
challenging  tool  in  order  to  accomplish  such  a  task.  In  fact, 
SAR  images  contain  information  on  physical  characteristics 
of  the  surface  [1].  As  a  consequence,  a  great  deal  of  interest 
has  been  shown  in  the  inverse  problem,  i.e.  the  extraction  of 
qualitative  and  quantitative  features  from  SAR  images  [2-4]. 
However,  the  extraction  of  geological  features  is  by  no  means 
an  easy  task  due  to  the  fact  that  physical  surface  parameters 
are  nonlinearly  related  (in  an  unknown  manner)  to  the 
scattered  field,  thus  making  the  inverse  problem  nontrivial 
[1].  Further,  the  presence  of  multiplicative  noise  over  SAR 
image  makes  the  problem  even  more  cumbersome  [1]. 

A  new  perspective  to  the  problem  is  provided  by  the 
across-track  SAR  interferometry  (IFSAR)  and  the  recent 
availability  of  multifrequency  multipolarization  multipass 
sensors  [3-4].  In  this  paper,  we  consider  the  SIR-C/X-SAR 
multiffequency  multipass  interferometry  mission  over  the  Mt. 
Ema,  Sicily  and  we  accomplish  a  supervised  interpretation 
approach  over  the  coherence  maps  and  a  fractal-based 
approach  over  the  IFSAR  Digital  Elevation  Models  (DEM). 
The  first  permits  to  recognize  different  volcanic  terrains  and 
between  vegetated  and  unvegetated  areas  while  the  second  is 
able  to  validate  the  IFSAR  DEMs  and  to  detect  geological 
structures.  This  latter  analysis,  accomplished  over  the 
photogrammetric  DEM,  is  able  to  emphasize  artifacts  such  as 
caused  by  digitizing  and  resampling;  obviously,  IFSAR 
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DEMs  are  not  affected  by  these  problems.  As  a  consequence 
we  can  state  that  IFSAR  products  are  of  valuable  aid  in 
geological  inteipretation. 

PRODUCTS  GENERATION 

In  this  Section  we  briefly  summarize  the  IFSAR  products 
generation. 

As  input  data  complex  SAR  images  processed  by 
NASA/JPL  (L  and  C  bands)  and  DLR/DPAF  (X  band)  have 
been  used.  These  images  are  relevant  to  the  two  Shuttle 
passes  over  MtEma  of  October  9  and  10, 1994. 

The  fundamental  steps  in  order  to  generate  the  IFSAR 
products  relevant  to  a  single  frequency  data  set  can  be 
summarized  as  follows: 

•Slant  range  and  azimuth  filtering  of  the  complex  images: 
The  complex  SAR  image  pair  have  been  filtered  in  azimuth 
and  range  in  order  to  improve  the  coherence  and  the 
interferometric  phase  purity.  Azimuth  filtering  allows  to 
avoid  the  decorrelation  effect  caused  by  data  pair  different 
squint  angles.  Range  filtering  reduces  the  baseline 
decorrelation  effect  [5]. 

-Registration:  The  SAR  image  registration  procedure  has 
been  performed  by  applying  the  maximum  spectrum  method 
[6].  The  accuracy  achieved  is  of  the  order  of  1/8  of  pixel. 
-Complex  inteferogram  formation  and  flat  earth  phase 
removal:  The  complex  interferogram  has  been  computed  by 
multiplying  the  first  registered  SAR  image  by  the  complex 
conjugate  of  the  second  one.  This  operation  was  followed  by 
the  flat-earth  phase  pattern  removal  which  drastically 
simplifies  the  phase  unwrapping  step.  The  flat-earth  phase 
pattern  has  been  computed  by  means  of  L-band  data  [6]  and 
properly  rescaled  (by  a  factor  proportional  to  the  wavelength) 
for  the  other  bands. 

-Evaluation  of  the  interferometric  phase  patterns  and  of  the 
coherence  maps:  In  order  to  reduce  the  noise  effect,  the 
complex  interferogram  has  been  filtered  by  means  of  a  filter 
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of  5  (range)  X  13  (azimuth)  pixels  for  the  L  and  C  bands  and 
3x7  pixels  for  the  X-band.  Then,  the  interferometric  phase 
has  been  evaluated  by  applying  the  arc  tangent  function.  The 
coherence  maps  have  been  computed  by  means  of  an  4  x  5 
average  window  at  all  frequecies. 

-Phase  unwrapping:  The  phase  unwrapping  step  has  been 
accomplished  by  making  use  of  the  robust  two-dimensional 
algorithm  presented  in  [7].  In  this  case  the  basic  phase 
unwrapping  procedure  has  been  modified  to  include  the 
multifrequency  information  [6]. 

-DEM  generation:  The  DEM  generation  has  been  performed 
by  making  use  of  a  two  step  procedure  [8].  First,  the  slant- 
range  height  map  is  computed  by  the  unwrapped  phase  and 
then  the  geocoding  step  is  accomplished.  The  WGS84  has 
been  used  [9]. 

PRODUCTS  INTERPRETATION 
In  this  Section,  the  interpretation  of  the  IFSAR  products  is 
examined.  In  particular,  first  we  consider  a  supervised 
approach  which  make  use  of  the  availability  of 
multifrequency  coherence  maps  and  a  detailed  knowledge  of 
the  site.  Then  we  apply  a  fractal-based  model  over  the  IFSAR 
DEMs.  The  rationales  and  the  logical  steps  of  these  two 
interpretation  analysis  are  hereitherto  given.  With  regards  to 
the  interpretation  procedure  performed  on  the  multifrequency 
coherence  maps,  we  underline  that  other  similar  analysis  have 
been  able  to  detect  among  different  surfaces  [10]  and 
therefore  it  is  here  employed. 


Fig.l  Relevant  to  the  coherence  maps  classification  scheme 


The  two  logical  steps  in  which  this  interpretation 
procedure  can  be  seen  are:  the  selection  of  the  training  areas 
and  the  choice  of  the  decision  rule.  As  a  matter  of  fact,  in  the 
first  step  some  training  areas  have  been  selected  on  the  X- 
band  coherence  map  and  then  a  multifrequency  decision  rules 
have  been  found  suitable.  The  block  scheme  is  depicted  in 
Fig.l.  Results  are  shown  in  Fig.2.  Class  I  pertains  to  high 
and  dense  vegetated  areas  (dark  green).  Class  II  to  1990  ash 
and  scoria  (violet),  Class  III  to  low  and  sparse  vegetation 
(pale  green).  Class  IV  to  old  ash  and  scoria  (grey),  Class  V 
to  old  lava  flows  (yellow)  and  Class  VI  to  fresh  lava  flows 
(orange).  It  is  evident  that  discrimination  between  vegetated 
and  unvegetated  areas  is  possible  as  well  as  the  classification 
of  some  relevant  volcanic  materials.  For  a  complete  analysis 
of  these  results  the  interested  reader  can  refer  to  [9]. 

Let  us  now  examine  the  fractal-based  approach  performed 
over  the  IFSAR  DEMs.  The  rationale  of  this  approach  is 
very  simple:  natural  surfaces  are  well  modelled  by  means  of 
fractal  geometry.  In  particular,  the  fractal  Brownian  model 
(fBm)  has  been  demonstrating  very  powerful  in  describing 
natural  landscapes.  The  interested  reader  can  find  a  large 
amount  of  literature  on  this  topic,  e.g.  [11].  For  reader 
completeness  we  only  recall  that  an  fBm  is  described  by  two 
fractal  parameter:  the  D  and  the  K  [12].  The  D  is  the  fractal 
dimension  and  is  related  to  the  roughness,  K  is  related  to  the 
standard  deviation  crof  the  increments  [11].  The  <7  can  be 
interpreted  as  a  generalized  slope.  These  fractal  parameters  can 
be  estimated  by  means  of  the  fractal  plot  procedure  [12]. 

Accordingly,  a  large  set  of  numerical  examples  have  been 
perfonned  [9]  while  here  only  a  single  fractal  map  is  shown 
for  saving  space.  We  briefly  outline  the  main  results 
achieved.  First  of  all,  it  seems  to  be  confirmed  that  the  D- 
maps  are  less  informative  than  the  cr-maps.  By  making  use  of 
the  D-maps  a  first  order  quality  analysis  of  the  IFSAR 
DEMs  compared  to  the  available  photogrammertric  one  was 
possible.  This  first  analyis,  demonstrated  that  the 
photogrammetric  DEM  (often  dogmatically  assumed  as  a 
reference!)  is  by  no  means  error-free  and  this  is  mainly  due  to 
artifacts  caused  by  digitizing  and  resampling  [9]. 

Conversely,  IFSAR  DEMs  do  not  suffer  of  such  problems, 
but  of  course  they  are  sensible  to  lack  of  coherence  and  its 
minimization  is  therefore  of  great  relevance. 

More  interesting  on  the  geological  point  of  view  seems  the 
c7-map  analysis  [9].  In  fact,  it  permits  to  detect  several 
morphological  and  structural  features  of  the  Mt.Etna  that 
represent  the  imprint  of  the  main  eruptive  process  occurred 
during  its  geological  history  [9].  A  comparative  analysis 
among  the  different  IFSAR  and  photogrammetric  DEMs 
demonstrated  that  the  informative  content  of  the  IFSAR 
DEMs  is  valuable  and  in  particular  C  and  X  bands  provide 
excellent  description  of  the  geological  structures  while  the  L- 
band  is  definitely  poorer;  the  photogrammetric  DEM 
although  showing  some  artifacts  it  was  able  to  reveal  the 
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Fig:2  Classification  by  means  of  coherence  maps 


geological  features. 

In  Fig. 3  the  cT-map  relevant  to  the  X-band  IFS AR  DEM  is 
shown.  We  here  only  note  the  lateral  and  sonunital  cones,  the 
Cratere  del  Piano  plateau  and  the  Valle  del  Bove  which  can 
be  easily  identified.  The  interested  reader  can  find  a  detailed 
analysis  in  [9]. 


CONCLUSIONS 

In  this  paper,  the  capability  of  the  multipass 
multifrequency  across-track  interferometry  to  generate  useful 
geological  thematic  maps  has  been  investigated.  The  SIR- 


C/X-SAR  mission  over  Mt.Etna,  Sicily  has  been  considered. 
Results  showed  the  effective  capability  of  IFSAR  products 
to  be  of  valuable  aid  in  geological  interpretation. 

ACKNOWLEDGMENTS 

We  are  grateful  to  NASA/JPL  and  DPAF  for  processing 
the  SIR-C/  XSAR  images,  the  NASA/JPL  for  providing  the 
orbital  information,  and  the  Italian  Gruppo  Nazionale  per  la 
Vulcanologia  for  providing  the  photogrammetric  DEM  of 
Mt.Etna.  A  special  acknowledgment  is  finally  due  to  Dr. 
W.Keydel  and  his  staff  for  all  the  valuable  support  at  DLR, 
OpferphalTenofen.  The  research  described  in  this  paper  was 
conducted  at  the  DLR  under  DARA  contract  FKZ  50  EE 
9532. 

REFERENCES 

[1]  C.Elachi,  Spaceborne  Radar  Remote  Sensing: 
Applications  and  Techniques,  New  York:  IEEE  Press, 
1987. 

[2]  B.A.Campbell  and  D.B.Campbell,  "Analysis  of 
Volcanic  Surface  Morphology  on  Venus  From 
Comparison  of  Arecibo,  Magellan,  and  Terrestrial 
Airborne  Radar  Data",  J.Geophys,  Res,,  97,  16293- 
16314,  1992. 

[3]  H.A.Zebker,  P.A.Rosen,  R.M.Goldstein,  A.Gabriel, 
C.L.Werner,  "On  the  Derivation  of  Coseismic 
Displacement  Fields  Using  Differential  Radar 
Interferometry:  the  Landers  Earthquake,  J.Geophys, 
Res,,  99,  19617-16634,  1994. 

[4]  P.J.Mouginis-Mark,  "Preliminary  Observation  of 
Volcanoes  with  the  SIR-C  Radar",  IEEE  Trans, 
Geosci.  Remote  Sensing,  GE-33, 934-941, 1995. 

[5]  F.Gatelli,  A.Monti-Guamieri,  F.Parizzi,  P.Pasquali, 
C.Prati,  and  F.Rocca,  “The  Wavenumber  Shift  in 
SAR  Interferometry”,  IEEE  Trans,  Geosci,  Remote 
Sensing,  GE-32,  855-865, 1994. 

[6]  M.Coltelli,  L.Dutra,  G.Fomaro,  G.Franceschetti,  R. 
Lanari,M.Migliaccio,  J.R,Moreira,  K.PPapathanassiou, 
G.Puglisi,  D.Riccio,  M.Schwabisch,  SIR’C/X-SAR 
Interferometry  over  Mt.Etna:  DEM  Generation, 
Accuracy  Assessment  and  Data  Interpretation, 
Forschungsbericht,  DLR  book,  1996. 

[7]  G.Fomaro,  G.Franceschetti,  R.Lanari,  “Interferometric 
SAR  Phase  Unwrapping  Using  Green’s  Formulation”, 
in  print  on  IEEE  Trans.  Geosci.  Remote  Sensing. 

[8]  M.Schwabisch,  "Die  SAR-Interferometrie  zur 
Erzeugung  Digitaler  Gelaendemodelle"  (in  German), 
DLR-Forschungsbericht,  1995. 

[9]  M.Coltelli,  G.Fomaro,  G.Franceschetti,  R.Lanari, 
M.Migliaccio,  J.R.Moreira,  K.P.Papathanassiou, 
G.Puglisi,  D.Riccio,  M.Schwabisch,  "SIR-C/X-SAR 
Multifrequency  Multipass  Interferometry:  a  New  Tool 
for  Geological  Interpretation",  submitted, 

[  1 0]  U. Wegmuller  and  C.L. Werner,  "SAR  Interferometric 
Signatures  of  Forest",  IEEE  Trans,  Geosci,  Remote 
Sensing,  GE-33, 1153-1161, 1995. 

[11]  B.B. Mandelbrot,  The  Fractal  Geometry  of  Nature, 
W.H.  Freeman  &  Co.,  San  Francisco,  1983. 

[  1 2]  M.Migliaccio  and  D.Riccio,  "Fractal  Brownian  Model 
for  SAR  Image  Analysis:  Edge  Detection  and 
Classification  Issues",  in  Proceeding  ofIGARSS’93, 
1605-1607,  Tokyo,  Japan,  1993. 


352 


Atmospheric  Induced  Errors  in  Interferometric  DEM  Generation 

Lado  W.  KENYI  and  Hannes  RAGGAM 


Institute  for  Digital  Image  Processing,  JOANNEUM  RESEARCH 
Wastiangasse  6,  A-8010  Graz,  AUSTRIA 
TeL:  +43  316  876  735;  Fax:  +43  316  876  720 
E-Mail:  lado@pdib40.joanneum.ac.at 


Abstract  -  Atmospheric  error  impacts  on  interferometric 
DEM  generation  were  assessed.  It  was  found  that 
atmospheric  effects  are  manifested  in  the  INSAR  data  as 
deviations  from  the  local  topography  of  the  terrain.  Local 
height  errors  of  50  m  corresponding  to  a  phase  shift  of 
about  247"  in  an  INSAR  image  pair  with  a  baseline  of  160 
m  was  found,  while  the  RMS  error  of  the  INSAR 
generated  DEM  was  about  1 1  m.  Error  analysis  indicated 
that  atmospheric  induced  errors  in  INSAR  DEMs  are 
significantly  reduced  in  larger  baselines  data. 


5,=-^Y3>,+OJ  Equ.(l) 

4n 

Here,  O  ^  is  a  constant  phase  offset,  which  has  to  be 
determined  in  advance  by  using  ground  control  points. 

Based  on  slant  range  Rj  and  8  the  slant  range  distance 
R2  and  the  baselength  B  are  calculated  in  a  next  step: 

=  R;  +5  ;  B  =  \s2- 5, 1  Equ.  (2) 


INTRODUCTION 

Synthetic  aperture  radar  interferometry  (INSAR)  allows 
the  production  of  detailed  and  accurate  three  dimensional 
relief  maps  of  the  Earth’s  surface  directly  Irom  two  SAR 
complex  image  data  that  can  be  acquired  either 
simultaneously  by  two  SAR  recievers  in  a  single  pass  or 
by  one  SAR  reciever  in  multiple  passes  at  different  times 
[4,6].  The  assumption  for  the  two  pass  INSAR  systems  is 
that  the  atmosphere  does  not  disturb  the  propagation  of 
the  SAR  signal  in  both  overflights.  However,  the 
atmosphere  is  a  refractive  medium  and  the  SAR  signal 
does  not  propagate  in  a  straight  line  through!  it  [3].  The 
implication  is  that  path  delay  is  introduced  by  the 
atmosphere  into  the  measured  radar  signal. 

In  this  paper,  the  effects  of  atmospheric  distortion  on 
INSAR  digital  elevation  model  (DEM)  generation  using 
ERS-1  single  look  complex  (SLC)  data  were  assessed. 
First,  SLC  data  of  suitable  baseline  were  selected.  The 
selection  was  based  on  approximate  weather  conditions  at 
the  time  of  the  data  acquisition,  such  that  the  orbits 
selected  represent  SLC  data  of  dry  and  wet  (turbulent) 
atmospheric  conditions.  The  data  were  then  interfero- 
metrically  processed  and  a  DEM  was  generated.  For 
matters  of  comparison,  a  reference  DEM  was  digitised 
from  contour  lines  of  a  topographic  map  of  the  test  area. 
From  the  SAR  viewing  geometry  parameters,  a 
theoretical  error  analysis  of  phase  shifts  against  baselines 
was  performed.  The  theoretically  computed  and 
practically  estimated  errors  from  the  interferometric  data 
were  elaborately  discussed  and  quantified. 

DEM  GENERATION  PROCEDURE 


M  —  S2  -s^ 


Fig,  1:  Geometric  INSAR  imaging  disposition. 


These  entities  are  used  to  determine  the  angle  a 
between  baseline  vector  B  and  pointing  vector  rj  in 
sensor  position  Sj  by  the  equation: 


cos  a  = 


Rl+B^  -R^j 

2  B  Rj 


Equ.  (3) 


Using  Sy ,  jB  ,  a  ,  Rj  and  3D  vector  relations,  the 
pointing  vector  Fy  and  ground  point  p  are  calculated. 


A  procedure  to  convert  an  absolute  phase  image  pixel- 
by-pixel  to  the  corresponding  ground  points  pcan  be 
deduced  from  Fig.  1.  First,  the  slant  range  difference  5^- 
is  calculated  for  each  pixel  from  phase  O  : 


DEM  ERROR  ANALYSIS 

The  impact  of  phase  deviations  on  the  location 
accuracy  of  the  ground  coordinates  derived  from  INSAR 
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data  can  be  analysed  by  considering  Fig.  2.  According  to 
equation  (1)  a  certain  phase  shift  A(j)  results  in  a  range 
error  AR  as: 


A5=A/?  =  — Ac|) 
4n 


Equ.  (4) 


In  Fig.  2  the  point  displacement  Q  resulting  from  the 
range  displacement  AR  can  be  approximated  as: 

Aa  «  Bcos^QjH 

H 


AR 


Equ.  (5) 
Equ.  (6) 


Bcos^Q 

The  location  errors  AP  and  AH  in  planimetry  and 
height  are  then: 


AP  =  QcosQ  ;  AH  =  QsinQ  Equ.  (7) 

Now,  under  the  assumption  of  various  baselines  and 
phase  shifts  the  location  errors  in  height  were  computed 
using  ERS-1  mid  swath  parmeters.  Table  1  shows  the 
calculated  height  errors.  It  is  obvious  that  the  error  in 
height  decreases  with  increasing  baseline,  i.e. 
atmospheric  induced  height  errors  might  become 
insignificant  in  INSAR  pairs  of  very  large  baselines. 


DEM  GENERATION 

An  ERS-1  phase  B  SLC  image  pair  of  the  area  of 
Weilerswist,  west  of  the  city  of  Bonn  in  Germany, 
acquired  on  the  14  and  29  March  1992  was 
interferometrically  processed.  The  pair  was  selected  on 
the  fact  that  other  authors  reported  phase  anomalies  in  the 
same  image  pair  [5].  Using  the  procedure  described 
above,  a  digital  elevation  model  was  generated.  14  ground 
control  points  (GCPs)  were  selected  simultaneously  from 
a  topographic  map  and  the  INSAR  amplitude  image  in 
order  to  determine  the  phase  constant.  Then,  the 
coordinates  of  the  GCPs  were  calculated  from  the  INSAR 
geometry  geometry  and  subsequently  compared  to  the 
values  measured  in  the  topographic  map.  The  statistical 
parameters  of  the  coordinates  and  phase  residuals  are 
summarised  in  Table  2. 


B 


Fig.  2:  Displacement  due  to  range/phase  error. 


Table  1:  Height  errors  versus  baselines  due  to 
phase  shifts. 


Baseline 

(m] 

45" 

AH 

90" 

AH 

] 

135" 

AH 

*hase 

180" 

AH 

Shift 

225" 

AH 

$ 

270" 

AH 

315" 

AH 

360" 

AH 

50 

26 

51 

11 

102 

128 

154 

179 

205 

100 

13 

26 

38 

51 

64 

77 

90 

102 

150 

9 

17 

26 

34 

43 

51 

60 

68 

200 

6 

13 

19 

26 

32 

38 

45 

51 

250 

5 

10 

15 

20 

26 

31 

36 

41 

300 

4 

9 

13 

17 

21 

26 

30 

34 

350 

4 

7 

11 

15 

18 

22 

26 

29 

400 

3 

6 

10 

13 

16 

19 

22 

26 

Table  2:  Statistics  of  GCP  phase  and  coordinate 
residuals. 


Residuals 

(14  GCPs) 

Pht 

rad. 

ise 

deg. 

GCP 

E 

Coordin 

N 

ates 

H 

RMS 

0.98 

56" 

28.2 

25.4 

8.9 

Minimum 

-1.72 

-99" 

-50.7 

-58.4 

-11.6 

Maximum 

1.96 

112" 

47.9 

40.7 

13.7 

Fig.  3  shows  the  generated  DEM  in  a  colour  coded 
presentation  with  the  local  topographic  anomalies  area 
indicated  by  a  box.  For  comparison  a  DEM  was  created 
from  digitised  contour  lines  of  a  topographic  map  in  a 
1:50.000  scale.  Fig.  4  shows  this  map-derived  reference 
DEM  in  a  colour  coding  similar  to  that  of  the  INSAR 
generated  DEM.  In  order  to  assess  the  errors  introduced 
by  the  atmospheric  effect,  the  difference  of  the  two  DEMs 
was  computed.  For  the  entire  area  the  standard  deviation 
of  the  elevation  differences  was  about  11  m.  This  is 
slightly  worse  than  the  RMS  height  error  of  about  9  m  for 
the  GCPs  (see  Table  2).  Moreover,  the  interferometric 
DEM  is  shifted  on  average  by  2  meters  in  comparision  to 
the  map  derived  DEM.  The  maximum  errors  were  around 
50  m,  whereas  that  of  the  GCPs  was  about  14  m.  The  50 
m  error  turned  out  as  local  deviations  due  to  the 
atmospheric  turbulences,  (areas  in  box  Fig.  3). 

ATMOSPHERIC  EFFECT 

For  verification  purposes,  meteorological  data  of  the 
weather  conditions  around  the  time  of  the  ERS-1  image 
acquisition,  10:26  UTC,  were  obtained  from  the 
Deutscher  Wetterdienst.  Table  3  shows  the  weather 
information  taken  at  10:00  UTC  at  the  station  of 
Euskirchen  located  within  the  test  site. 
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Fig.  3:  INSAR  derived  DEM  (colour  coded). 


The  weather  data  were  modeled  using  the  Hopfield 
tropospheric  path  delay  estimation  model  [1,2].  The 
estimated  total  path  delay  was  114".  On  the  other  hand, 
the  average  unwrapped  phase  differences  estimated  from 
the  anomalies  regions  were  247".  Despite  the  poor 
correlation  between  these  values,  the  deviations  observed 
could  be  regarded  as  atmospheric  effects  due  to  their 
shape  and  when  taking  the  Hopfield  model  error  (±  60"), 
the  time  gap  between  image  acquisition  and 
meteorological  measurements  (26  minutes)  and  the 
meteorological  measurement  errors  into  consideration. 


Table  3:  Meteorological  data  at  10:00  UTC. 


Date'"".;,.:;  '■ 

14.03.1992 

29.03.1992 

Temperature  in  "C 

4.4 

4.7 

Pressure  in  hPa 

1010 

1005 

Relative  humidity  in  % 

52 

73 

Cloud  Coverage 

7/8 

5/8 

Remarks 

Snowfall 

No  precipitation 

CONCLUSIONS 

Atmospheric  induced  errors  in  INSAR  DEM  generation 
have  been  analysed.  It  was  found  that  atmospheric  effects 
are  manifested  as  local  deviations  in  the  INSAR 
topographic  information.  A  maximum  height  error  of  50 
m  corresponding  to  an  average  absolute  phase  value  of 
247"  was  estimated.  This  value  is  close  to  the  theoretical 
error  of  44  m  calculated  for  an  equvivalent  phase  shift. 
Whereas,  the  RMS  for  the  GCPs  was  about  9  m  the 
'andard  deviation  of  the  difference  DEM  was  1 1  m. 
From  the  theoretical  error  analysis  it  can  be  concluded 
that  atmospheric  induced  errors  are  significantly  reduced 
in  interferometric  image  pairs  of  very  large  baselines. 


Fig.  4:  Map  Derived  DEM  (colour  coded). 
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Abstract —  We  examine  a  class  of  constrained  Projection 
Pursuit  (PP)  algorithms  for  extracting  textural  features 
from  multi-spectral  remote  sensing  imagery.  Based  on  the 
assumption  that  spatial  frequency  information  is  useful  for 
separating  classes  of  interest  in  the  data,  topological  con¬ 
straints  are  defined  for  the  PP  filter  vectors.  The  con¬ 
straint  on  each  filter  is  imposed  by  a  set  of  tunable  meta¬ 
parameters  which  define  each  filter  as  an  adaptive  Gabor 
wavelet.  We  call  this  approach  Wavelet  Projection  Pursuit 
(WPP).  The  application  of  the  approach  to  cloud  detection 
is  described.  The  long-term  goal  is  to  develop  algorithms 
for  texture-based  cloud  masking  applicable  to  future  data 
from  the  Multi- Angle  Imaging  Spectrometer  (MISR). 


I.  Introduction 

Projection  Pursuit  has  a  long  history  as  a  means  of  ex¬ 
ploratory  data  analysis  [10]  and  [12].  In  our  approach,  the 
Projection  Index  which  is  minimized  during  the  search  pro¬ 
cedure  is  based  on  the  difference  of  higher  moments  of  the 
projected  data  distribution;  feature  extraction,  therefore, 
is  unsupervised  and  can  proceed  without  a  priori  knowl¬ 
edge  of  data  labels.  The  unconstrained  version  of  our  PP 
algorithm  was  developed  in  [4]  (BCM)  and  [15]  (BCM-PP) 
and  has  been  used  in  a  number  of  applications  including 
remote  sensing  [1],  [2],  [3],  [13].  The  model  which  we 

describe  here  constrains  the  BCM  algorithm  by  requiring 
that  search  elements  be  inter-related  topologically.  In  im¬ 
age  processing  applications  such  as  cloud  detection,  this 
means  that  the  search  vector  elements  have  the  shape  of 
an  adaptable  Gabor  wavelet  when  plotted  on  a  two-grid 
corresponding  to  the  size  of  input  data  patches.  The  use 
of  an  unsupervised  Projection  Index  for  exploratory  data 
analysis  distinguishes  this  approach  from  other  adaptive 
wavelet  algorithms  which  are  based  on  regression  [16].  In 
our  approach,  regression  occurs  at  a  later  stage  of  process¬ 
ing  when  textural  features  extracted  by  WPP  or  PP  from 
each  spectral  channel  are  adaptively  pooled  and  mapped 
to  a  classification.  In  [1]  and  [2],  we  applied  BCM-PP 
to  texture  feature  extraction  from  Gray-Level  Difference 

C.  Bachmann  is  supported  by  grants  from  ARPA  (program  element 
62712E,  sponsor:  Dr.  Barbara  Yoon)  and  ONR  (program  element 
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959034 
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Vector  (GLDV)  histograms  and  Sum-and- Difference  His¬ 
tograms  (SADH),  contrasting  this  approach  to  cloud  detec¬ 
tion  with  those  based  on  fixed  statistics  of  the  histograms 
as  described  in  [8],  [9],  and  [20]. 

At  minima  of  the  search  procedure  for  WPP  and  PP, 
multi-modal  structure  present  in  the  data  is  revealed  in 
data  projections.  In  this  paper,  feature  extraction  is 
demonstrated  on  two  different  remote  sensing  databases: 
(1)  AVIRIS  imagery  and  (2)  AVHRR  LAC  imagery  ob¬ 
tained  from  northern  latitudes.  A  goal  of  our  work  is  to 
develop  methods  for  cloud  detection  based  on  texture  fea¬ 
ture  extraction  which  could  be  applied  eventually  to  data 
from  the  Multi- Angle  Imaging  Spectrometer  (MISR).  End- 
to-end  cloud  detection  using  features  extracted  by  BCM- 
PP  and  WPP  from  12x12  pixel  input  boxes  is  demonstrated 
for  AVIRIS  scenes  using  bands  which  are  close  spectrally  to 
those  which  will  be  available  from  MISR,  albeit  at  higher 
spatial  resolution  than  from  MISR.  The  feature  extrac¬ 
tion  stage  is  also  demonstrated  for  AVHRR  LAC  channel 
1  data  from  no/^hern  latitudes;  AVHRR  LAC  has  similar 
spatial  resolution  to  that  of  one  of  the  MISR  modes,  al¬ 
though  is  spectrally  broad  compared  to  MISR  channels, 
with  AVHRR  channel  1  overlapping  the  MISR  red  channel 
at  670nm. 

II.  Feature  Extraction  by  BCM  Projection 
Pursuit 

In  the  BCM  model  the  Cost  Function  is  closely  related  to 
Projection  Indices  based  on  standardized  absolute  cumu- 
lants  [12]  of  the  projected  data  distribution;  however,  since 
methods  based  on  polynomial  moments  can  be  overly  sen¬ 
sitive  to  outliers,  the  use  of  a  saturating  nonlinearity,  with 
derivatives  which  go  to  zero  at  extreme  values,  is  used  to 
mitigate  this  effect  [14].  Also,  projections  are  jointly  opti¬ 
mized  as  in  neural  network  models,  rather  than  serially. 

In  the  BCM  Projection  Pursuit  model,  the  iih  projection 
in  layer  n  of  a  multi-layer  BCM  network  is:  ^ 

ct>  =  (1) 

j 

with  :  cr{x)  =  a  tanh(aAa:),  (2) 

'  +  6W.  (3) 

Hn  the  present  study,  BCM-PP  and  WPP  networks  had  only  a 
single  layer  of  projections. 
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and  l[j^ 


pattern.  Typically  the  expectation  value  in  (  4)  is  only 
approximated  as  a  leaky  integrator: 


/  l-H,fori  =  j  \ 

V  -M.  for  ) 

where  is  a  fixed  constraint  matrix,  is  the  jth 

modifiable  projection  vector,  which  weights  inputs  from 
layer  (n  —  1),  and  6^”'^  is  the  bias.  Projection  vectors  and 
biases  are  modified  by  minimizing  the  cost  of  the  projected 
data  distribution  over  the  cost  function,  ( 4) ;  this  leads 
to  a  semi-local  Projection  Index,  with  no  reference 

to  training  labels  (unsupervised  learning):  ^ 


Minimize  : 

By  Gradient 
Descent  : 


with  : 

^(n) 

(g(n)y 


-(E 


£;[(g(n))3]  £;2[(c("))2; 


7- 


(4) 


’'ais*”"*’ 

i 

(5) 


=  A(a-cl”))(o  +  cl")) 


Fig.  1.  (Left)  The  BCM  Cost  Function  vs.  the  Cost  Function  favors  at 

least  bi-modal  projections  of  the  data;  the  two  wells  move  during  training, 
and  the  time  scale  is  set  by  x  in  Equation  7  ;  the  Projection  Index  is 
obtained  by  minimizing  the  cost  of  the  data  projections  over  this  function, 
and  then  averaging  over  all  projections.  (Right)  the  ^-function  vs.  c^^b 
in  a  single-projection  model,  ^  determines  whether  the  projection  response 
to  a  pattern  is  reinforced  or  weakened  based  on  whether  the  pattern  is 
above  or  below  the  dynamical  threshold  (the  rightmost  crossing  point). 


is  the  dynamic  modification  threshold  above  which 
the  response  to  a  particular  input  pattern  is  reinforced  and 
below  which  it  is  weakened  in  a  single  projection  model; 
this  can  be  seen  by  writing: 

(6) 

Thus,  the  sign  of  (f),  depicted  graphically  in  Fig.  1,  deter¬ 
mines  the  sign  of  the  change  in  the  response  to  a  particular 

^F[]  represents  the  expectation  value. 


[  g  ‘/(c("))2(s)ds  (7) 

Jto 

This  minimization  procedure  biases  projection  vectors  to¬ 
ward  directions  where  the  input  pattern  distribution  is  sta¬ 
tistically  skew  or  multi-modal  when  projected  onto  them. 
For  a  small  and  decreasing  step-size.  Equation  5  is  well 
approximated  by  stochastic  gradient  descent  [15]. 

III.  Wavelet  Projection  Pursuit 

A  number  of  researchers  have  described  adaptive  wavelet 
methods;  the  majority  of  these  are  based  on  supervised 
adaptive  learning  (see  for  example  [16]).  In  contrast,  the 
particular  method  which  we  develop  here  is  an  unsuper¬ 
vised  learning  algorithm  for  exploratory  feature  extrac¬ 
tion  based  on  BCM:  wavelet  projection  pursuit  (WPP). 
In  WPP,  a  set  of  meta-parameters  imposes  a  modifiable 
wavelet  constraint  on  the  topology  of  the  projection  vec¬ 
tor.  The  primary  motivation  for  imposing  such  a  constraint 
is  that  spatial  frequency  and  localization  are  natural  for 
representing  texture.  We  emphasize  that  for  detection  ap¬ 
plications,  reconstruction  of  the  texture  is  not  the  goal. 
Rather,  we  would  like  to  find  a  limited  set  of  texture  pro¬ 
jection  vectors  which  capture  important  structure,  by  re¬ 
vealing  clusters  in  the  data. 


A.  BCM  with  Wavelet  Meta- Parameters 

We  impose  a  wavelet  constraint  on  the  topology  (Gabor 
wavelet  constraint)  of  the  Projection  Pursuit  filter  vector 
in  the  following  manner.  For  vector  Wi,  we  define: 


Wi'j  — 


irj-fti)Ai(rj-fXi)  _ 

ie  2  cos{ki 


+  Pi) 


(8) 


where  hi  is  the  wave- vector  of  the  wavelet  filter,  pi  is  the  as¬ 
sociated  phase,  rj  is  the  location  of  the  jth  input  pixel  with 
coordinates  [xj^yj)  in  a  2D  input  grid,  At  is  the  scale  ma¬ 
trix  for  the  exponentially  decaying  envelope  (in  this  case, 
initialized  as  a  diagonal  2x2  matrix  but  permitted  to  de¬ 
velop  off-diagonal  elements  during  training),  pi  is  the  loca¬ 
tion  of  the  center  of  the  envelope,  and  Si  is  the  amplitude. 
The  set  {  ki^  pu  Ai^  /li,  Si  }  is  composed  of  ten  tunable 
meta-parameters  for  each  filter  vector.  As  in  the  uncon¬ 
strained  BCM  model,  the  objective  function  for  WPP  is 
given  by  (  4).  The  meta-parameters  are  modified  by  gra¬ 
dient  descent  in  the  Projection  Index  of  of  (  4),  according 
to: 


Asi  = 


-Ps- 


^n)  dWjj 
dwij  dsi 


=  (4”')' i'”’ 


(9) 


And  defining, 
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Tij  =  Sie  2  stn{ki-rj-^pi)  , 

we  also  have: 


(10) 


Aki  = 


Api  = 


dE{J2j  ^n)  dwjj 
dwij  dki 

-psE  E  E  cf ] 

a  j 

(11) 


OEiY^^U  dwij 

dwij  dki 

-p,E  E  E  1  • 

a  j 

(12) 


For  the  Gaussian  envelope,  we  also  have: 

a  j 

where: 

dij  —  Hi  Tj  (1^) 

{dij  0  dij^ij^  —  •  (^^) 

Finally,  for  i?i,  we  have: 

(a??)  = 

\  ^’^  /  q;  j 

(  dijoAoo  +  V 

\  dijiAu  +  ^^^i^dijo  ' 

(16) 

IV.  Results 

To  evaluate  the  WPP  algorithm  and  other  methods  of 
texture  feature  extraction  for  cloud  detection,  we  have 
used  two  databases.  The  long-term  goal  is  to  develop 
algorithms  for  texture-based  cloud  masking  applicable  to 
future  data  from  the  Multi-Angle  Imaging  Spectrometer 
(MISR)  [6].  Accordingly,  one  of  our  two  data  sets  consists 
of  17  Airborne  Visible  and  Infra-Red  Imaging  Spectrome¬ 
ter  (AVIRIS)  [19]  scenes  from  which  we  have  chosen  a  very 
limited  subset  of  spectral  channels  (4  out  of  224  channels), 
which  correspond  closely  to  those  which  will  be  available 
from  MISR  (443,  555,  670,  and  865  nm)  [7],  albeit  at  sig¬ 
nificantly  higher  spatial  resolution;  each  image  is  614x512 
pixels  for  each  of  the  four  spectral  channels. 

Our  second  database  consists  of  a  large  corpus  of  Ad¬ 
vanced  Very  High  Resolution  Radiometer  1.1  Km  Local 
Area  Coverage  (AVHRR  LAC)  data.  For  the  purposes  of 
this  paper,  we  have  confined  our  attention  mainly  to  fea¬ 
ture  extraction  from  one  AVHRR  scene  (2048x3500  pixels 
per  channel  per  scene)  covering  parts  of  northern  Canada 
on  August  1,  1993.  A  fragment  of  this  scene  is  shown  in 


Fig.  2.  The  AVHRR  scene  in  the  second  database  was  cho¬ 
sen  because  northern  latitudes  are  among  the  more  chal¬ 
lenging  regions  for  feature  extraction  and  cloud  detection, 
particularly  for  texture-based  methods  because  of  ice  and 
snow. 


Fig.  2.  Fragment  (503x487pixels)  of  the  channel  1  AVHRR  scene  (2480x3500 
pixels  per  scene  per  channel)  used  for  evaluating  WPP  feature  extraction. 
The  whole  scene  is  an  image  of  parts  of  Northern  Canada  and  is  partly  over 
water. 


In  previous  work  [1]  [2],  we  have  reported  our  efforts  to 
extract  textural  features  from  Gray- Level  Difference  Vector 
(GLDV)  histograms  and  Sum-and-Difference  Histograms 
(SADH)  using  the  unconstrained  BCM-PP  algorithm.  Fea¬ 
tures  obtained  by  BCM-PP  from  these  preprocessing  steps 
were  shown  to  be  useful  for  detecting  cloud  pixels  in  the 
AVIRIS  data  set.  Ensemble  networks  were  used  to  pool 
these  features  from  the  four  spectral  channels  for  various 
window  sizes,  using  these  preprocessing  steps  as  input;  fea¬ 
tures  from  other  representations,  which  encoded  exact  geo¬ 
metrical  information  (simply  normalized  pixel  intensities), 
were  also  extracted  using  BCM.  These  features  became  the 
input  to  a  higher  level  network  trained  using  the  backward 
propagation  (BP)  [18]  algorithm  with  a  cross-entropy  cost 
function  (BPCE)  [17].  In  some  cases,  BPCE  ensembles  of 
ensembles  were  also  used  to  smooth  the  results  for  more 
robust  performance  across  all  training  and  testing  images. 

In  this  study,  we  show  that  the  WPP  algorithm,  which 
we  have  formulated  above  is  also  useful  for  extracting  tex¬ 
tural  features.  In  Figure  3,  we  show  a  subset  of  two  projec¬ 
tion  vectors  drawn  from  a  WPP  network  trained  on  channel 
1  of  the  AVHRR  scene  described  above.  In  the  figure,  we 
compare  the  projected  2D  histograms  for  samples  of  cloud- 
free  input  windows  (24x24  pixels)  with  samples  contain¬ 
ing  both  classes,  cloudy  and  clear.  Analysis  of  the  clusters 
shows  that  two  clusters  correspond  to  cloudy  data  windows 
and  two  to  clear  data  windows. 

For  the  AVIRIS  database,  we  show  an  example  of  a  cloud 
detection  result  (Fig.  4)  obtained  from  an  ensemble  net¬ 
work  experiment.  Features  from  WPP  networks,  BCM- 
PP  features  from  GLDV  histograms  and  simply  normal¬ 
ized  data  representations,  as  well  as  standard  statisitical 
moments  from  GLDV  as  in  [20],  were  pooled  and  adap¬ 
tively  weighted  to  obtain  the  detection  model.  In  (Fig.  4), 
94.0  %  of  the  cloud  pixels  were  correctly  detected,  with  a 
false-alarm  rate  of  4.8  %. 
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Density  Plot  of  Projected  A  VHRR  Ch.  1  Data 
(60,000  samples)  for  a  Pair  of  WPP  Projection  Vectors 


Projection  Vector 


Fig.  3.  Examples  of  Wavelet  Projection  Pursuit  vectors  are  shown  with  2D 
histograms  of  the  AVHRR  data  projected  through  these  vectors.  Vectors 
were  trained  in  a  network  which  received  inputs  from  24x24  data  windows 
of  the  AVHRR  scene  from  Northern  Canada  (channel  1).  The  histogram 
at  left  shows  the  density  of  all  60,000  projected  samples  (a  small  subset  of 
the  total  AVHRR  scene)  with  multi-modal  clusters  revealed;  the  histogram 
at  right  shows  that  when  only  cloud-free  data  samples  are  retained  in  the 
histogram,  two  of  the  clusters  disappear.  From  this,  it  is  obvious  that  two 
of  the  clusters  correspond  to  cloudy  data,  while  the  remaining  clusters  are 
associated  with  cloud-free  data  samples. 
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Abstract  -  In  microwave  radiometry,  hot  and  cold  black  body 
targets  of  known  brightness  temperature  are  used  to  calibrate 
microwave  radiometer.  This  paper  discusses  the  procedure  of 
absolute  in  flight  calibration  of  airborne  multichannel  mm- 
wave  radiometer,  based  on  measuring  of  two  scenes  known 
(calculated)  brightness  temperature  -  radiohorizon  and  cold 
sky,  during  aircraft  bank  over  a  water  surface. 

INSTRUMENTS  AND  METHODS 

Airborne  scanning  multichannel  radiometer  provides  the 
two-polarization  measuring  of  radiation  at  frequencies  of 
22.2, 31, 34, 37, 42, 48, 75  and  96  GHz  [1].  Multifrequency  feed 
horn  antenna  is  used  to  conduct  concurrently  in  space  and  time 
spectral  and  polarization  measurements.  Imaging  configuration 
is  based  on  circular  conical  scanning  with  viewing  angle  of  75° 
from  nadir  (Fig.l).  To  remain  the  invariant  of  viewing  angle  and 
polarization  in  scanning  sector,  the  radiometer  and  horn 
antenna  are  continually  rotated  about  the  vertical  axis. 

Parameters  of  airborne  mm-wave  imaging  technicjue  are: 


-  angle  of  antenna  beam  incidence . 75° 

-  scanning  sector  (conical  scanning  in  front 

and  back  hemisphere) . . . . . 130° 

-  scanning  period . 30  s 

-  half-power  beamwidth  (75  GHz) . . 2° 

-  antenna  footprint  (75  GHz) . 0.12H  x  0.45H 

(H  -  flight  height) 

-swath  width . 6.4H 


Figure  1.  Akbome  mm-wave  imaging  technique  configuration. 


CALIBRATION  PROCEDURE 

I 

When  aircraft  bank  is' more  than  25°,  antenna  beam  looks 
through  hot  radiohorizon  and'  cold  sk}^  (Fig.  2) 


The  experimental  distributions  of  brightness  temperature  Tj, 

for  frequencies  of  22  GHz  (horizontal  polarization)  and  75  GHz 
(vertical  polarization)  in  scanning  sector  during  aircraft  bank  of 
25°  are  shown  in  Fig.3.  The  maximum  of  T^,  corresponds  to 

viewing  radiohorizon,  but  minimum  of  Tj,  -  cold  sky. 


Viewing  Angle  from  Nadir 

Figure  3.  Experimental  brightness  temperature  distribution  in 
scanning  sector  according  to  Fig.  2.  Flight  height  is  10  km  over 
a  ocean  surface.  Qear  atmosphere,  sea  surface  temperature 
14°C,  absolute  humidity  9.5g/n:P 
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CALCULATION  OF  BRIGHTNESS  TEMPERATURE 
IN  VIEWING  NEAR  RADIOHORIZON 

The  brightness  temperature  of  calibration  scenes  is  calculated, 
based  on  the  following:  U.S.  standard  atmosphere  model; 
spherical  form  of  the  Earth;  refraction  in  the  atmosphere; 
“polarization  coupling”  effect;  antenna  pattern  smoothing; 
scanning  configuration  parameters;  aircraft  navigation  data. 

The  calculation  of  brightness  temperature  depends  on  the 
type  of  antenna  beam  trajectory  [2]  (See  Fig.  4). 


Figure  4.  Three  types  of  antenna  beam  trajectories  for  spherical- 
parallel  atmosphere  at  normal  refraction.  0q -viewing  angle, 

angle  of  radiohorizon  direction,  9g  -  incident  ^gle,  Rg- 
Earth  radius,  -  height  of  atmosphere,  H  -  viewing  height. 


Where 


-  arcsid  - 


Rg  -m'CO) 


URE  +  H)-mXH); 
m'  -  index  of  refraction  of  air,  according  to  [3]; 
a(z)  -  atmosphere  absorbtion  coefficient,  according  to  [4]; 

T(z)  -  atmosphere  temperature  profile; 

Tg  -  sea  surface  temperature; 

==  2.73  K  -  cosmic  background  temperature; 

Kp  -  sea  surface  emissivity,  according  to  [5]; 

p  =  v,  h  -  polarization; 

z„  -  minimum  distance  between  surface  and  antenna  beam 


trajectoiy  of  type  2; 

'  ■  '  J  n'Oo.z) 


-  optical  density  of  atmosphere; 


0.,  =  arcsin 


m'(z)(RE  +  z) 


“Polarization  Coupling”  Effect 


When  90°S  Oq  (type  1,  Fig.  4),  is  described  as 


Tbi(eo,H):=  J 


a(z)T(: 


z  e 


dz 


t|'(9o.z) 


-+T,e 


(1) 


When  9r.h>  (lyp®  2,  Fig.  4)  T|,  is  described  as 


,  ,  ?a(z)T(z)e'^<">®>dz 


“f  a(z)T(z)e~^^-°^)dz 
j  Ti'(eo,z) 

When  9q  <  9^  ,  (type  3,  Fig.  4)  T^,  is  described  as 


(2) 


The  polarization  basis  of  instrument  is  rotated  with  respect  to 
the  surfece  basis  in  scanning  sector  during  aircraft  bank.  In  this 
case,  each  radiometer  channel  receives  the  sea  surface  radiation 
of  both  vertical  and  horizontal  polarization  [6]; 


^cos^  4^  sin^  4^^  f 

^  sin^  4^  cos^  4^J  vT^h  J 


U(w)-Tb 


(4) 


Where 

T|,  -  vector  of  real  polarization  basis  of  sea  surface; 

T^  -  vector  of  instrument  polarization  basis; 

4^  -  angle  of  polarization  basis  rotation. 

When  antenna  beam  looks  through  radiohorizon,  T  is 
defined  as 


a(z)T(z)e 


0 


(3) 


tg4^  -  coscp 


1-f 


sin(p-f  sina  -  A 


cosa-tg9o^cos^cp'f  -sina*A, 


,  sina 

A  - +  sincp-cosa  ; 
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smcp- 


1 


tg6r.lL-1ga 
COS20O  +  sin29o 


a- 


1 4  cos^  a  •  cos^  00  •  sin^  0o 


angle  of  aircraft  bank, 

00  =75°-  angle  of  scanning  cone  opening. 

Antenna  Pattern  Smoothing 

The  brightness  temperature  received  by  antenna  with 
aperture  d  is  described  as 

Jp(e).Tj-d0 

(5) 


Where 


6* 


/'i 


Jp(e). 


d9 


p(0)_rjiW 
I  X 


P(0) 


Ttd  .  - 
x=  — sin9 


Jj  -  one-order  Bessel  function  of  the  first  kind, 
X  -  wavelength. 


DISCUSSION 

To  determine  the  significance  of  this  techniques  for  in  flight 
calibration  of  radiometer,  the  calculation  of  angular  brightness 
temperature  distribution  at  frequencies  of  22  GHz  and  75  GHz 
are  made  (see  Fig.  5  and  Fig.  6). 


viewing  Angle  from  Nadir  (deg) 


Figure5.  Theoretical  brightness  temperature  angular  distribution 
for  22GHz  in  vertical  - 1,3,5  and  horizontal  -  2,4,6  polarization: 
1,2  -  T^ ;  3,4  -  Tj ;  5,6  -  T^ .  Calculation  for  a  flat  sea  surface, 
d=120  mm,  a=25°,  other  parameters  correspond  to  Fig.  3. 


Figure  6.  Same  as  Fig.  5,  but  for  75GHz. 

These  figures  present  the  theoretical  T),  angular  distribution 
for  both  polarizations.  It  is  significant  that  maximum  of  Tj,  on 

vertical  polarization,  corresponding  to  Brewster  angle  (see  1  in 
Fig.5  and  Fig.6),  disappears,  when  “polarization  coupling” 
effect  is  taken  into  account  (see  3  in  Fig.5  and  Fig.6).  The 
antenna  pattern  smoothing  results  in  displacement  and  decrease 
of  brightness  temperature  maximum  for  both  vertical  and 
horizontal  polarization.  This  is  just  the  maximum  which 
corresponds  to  hot  scene  that  can  be  used  for  radiometer 
calibration  (Fig.  3).  As  for  cold  scene,  it  is  strongly  measured  at 
viewing  angle  more  than  10°  above  horizon. 
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Abstract  --  The  goal  of  the  paper  is  to  analyze  filters  based 
on  MAP  approach  which  use  for  speckle  suppression  of 
SAR  images.  The  special  attention  is  paid  to  such 
property  of  MAP  estimate  as  a  bias.  Effect  of  bias 
reduction  when  number  of  looks  increases  is  shown.  New 
equations  for  MAP  estimate  expected  a  bias  are  suggested. 
The  NMMAP  filter  that  is  a  modification  of  MAP  filter  is 
proposed  for  point  and  multiple  targets  filtering.  SIR-C 
SAR  image  has  been  used  for  the  testing  of  filters. 

INTRODUCTION 

The  MAP  algorithm  is  one  of  the  most  perspective, 
since  it  more  completely  takes  into  account  not  only  SAR 
images  speckle  properties  but  statistics  of  a  signal 
backscatter  from  the  surface.  The  main  feature  of  MAP 
filtration  consists  in  application  of  adequate  describing 
models  presenting  SAR  data  as  a  pdf  (probability  density 
function)  set  for  each  particular  case  (processing  intensity 
or  polarimetric  images).  The  most  widely  known  filtering 
algorithms  based  on  MAP  approach  were  developed  in 
[1-4].  Use  of  MAP  filtration  of  intensity  and  polarimetric 
image  processing  with  consideration  of  bias  is  studied  in 
this  paper. 

In  resent  years,  a  combination  of  filtering  and  edge 
detection  for  SAR  image  processing  are  frequently  used. 
Structure  Detection  Filters  (SDF)  based  on  MAP  approach 
and  edge  detection  algorithms  are  described  in  [5-7].  The 
term  adaptive  for  SDF  means  that  it  exploits  both  local 
statistics  and  geometrical  properties  of  local  areas.  The 
SDF  filter  procedure  is  divided  into  two  flinctional  boxes: 
segmentation  box  which  detects  image  segments,  and  filter 
box.  SDF  (Refined  Gamma  MAP  and  MRGMAP  ),  based 
on  ratio  edge  detectors  is  the  most  universal  filters  that 
take  in  to  account  geometric  position  of  scatters  in  the 
window  but  this  filter  complicated  in  computational 
respect. 

In  addition  for  SDF,  the  Nagao-Matsuyama  MAP  Filter 
(NMMAP)  is  chosen  for  its  effectiveness  in  smoothing 
speckle  noise  and  maintaining  the  sharpness  of  point 
targets.  Base  application  of  this  NMMAP  filter  is 
automatic  detection  point  and  multiple  targets. 

MATHEMATICAL  MODEL 

I.  Intensity  image.  In  this  representation,  a 
multiplicative  speckle  model  with  an  gamma  distribution 
is  assumed  and  can  be  written  as: 

I(t)=R(t)  n(t) ,  (I) 

where  t=(x,y)  represents  the  spatial  coordinates  of  the 
image,  I(t)  is  the  observed  image  intensity  at  t=(x,y),  R(t) 
denotes  the  corresponding  terrain  reflectivity  with  E(R) 


mean  and  local  standard  deviation.  Multiplicative 
speckle  noise  n(t)  is  statistically  independent  of  R(t)  with 
unit  mean  and  an  local  standard  deviation.  The  gamma 
distribution  of  backscattering  from  the  surface  is  used.  For 
these  conditions,  I(t)  has  K-  distribution. 

Z.Polarimetric  image.  For  this  case  each  component  of 
the  speckled  measured  scattering  matrix  is  given  by  [4]: 

Yp,(t)=Sp,  (t)  lip,  (t),  (2) 

where  (pq)  -  polarization  basis  (HH,  W,HV),  Ypq-complex 
measured  signal ,  np,  -complex  speckle  noise.  For  low  look 
correlation  the  conditional  pdf  P(Zs/Cs)  is  given  by  the 
complex  Wishart  law  [4].  Zs  is  data  covariance  matrix 
associated  to  the  Y  and  Cs  is  covariance  matrix  of  the 
denoised  vector  S. 

MAP  ESTIMATION  PROPERTIES 

The  estimations  which  base  on  the  MAP  methods  are 
usually  rather  satisfactory.  They  have  such  positive 
properties  ,  as  fortunability  and  efficiency  and,  as  a  rule, 
are  biased,  however  bias  is  often  eliminated  by  the  simple 
way  [9]. 

The  Gamma-Gamma  MAP  equation  is  given  by  [2]: 

A_E(IXa-L-l)+^E^)2(a-L-l)2+4c(LB(I)I 

2a 

The  mean  E(I)  and  heterogeneity  coefficient  a^l/C^  are 
determined  into  the  local  sliding  window  of  the  point  I  on 
the  intensity's  image:  a  =  (l+C^)/(Cj~Cj),  Ci=ai/E(I),  aj - 
local  standard  deviation,  c„  =  1/Vl  (L- number  of  looks). 
Fig.  I  shows  the  MAP  estimation  versus  the  input  values  I 
normalized  by  E(R).  The  estimation  (3)  is  bias  due  to 

A 

limR  ^E(I). 

I^E(I) 

The  magnitude  of  this  bias  depends  on  the  parameter  L 
and  decreases  with  its  growth. 

Thus,  the  equation  (3)  can  be  used  for  the  cases  of 
processing  the  intensity  images  with  the  lot  of  looks. 
Otherwise,  when  the  large  bias  of  the  mean  on  the 
processed  image  is  present,  and  as  consequence,  the 
radiometric  resolution  of  the  radar  image  is  degradated. 

The  Non-bias  MAP-estimation  is  given  by  [10]: 

E(IXoc  -  L  - 1)  +  jE(I)^(a  -  L  - 1)^  +  4c(L  E(I)I 
^  2a 
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In  the  under  root  expression  the  parameter  L  =L+1 
eliminates  the  bias  of  the  characteristical  curves  on 
horizontal  axis  and  the  dependence  of  bias  on  parameter 
L,  thus  the  kind  and  inclination  of  the  curve  doesn’t  vary 
(Fig.  2).  For  estimation  (3)  the  next  equality: 

A 

limR  =:E(I), 

for  any  L  is  realized. 

Similar  expression  for  MAP  estimation  with  regard  to 
bias  for  polarimetric  images  can  be  written  as: 


/^,_(a-L-l)+V(a-L-l)2+4)LTiac<E(C3r%)  _  ^ 

Cs - ^ - h(Cs), 

where  E(Cs)  -  is  the  mean  covariance  matrix  obtained 
in  the  adaptive  window  and  a  is  the  heterogeneity 
parameter  [4]. 

NMMAP  FILTER 

NMMAP  Filter  is  a  modification  of  the  MAP  filter  that 
takes  into  account  the  geometrical  position  of  the  scatters 
into  the  filtering  window. 

In  NMMAP  filter  the  local  coefficient  of  variation  Ci  is 
compared  with  the  theoretical  speckle  coefficient  of 
variation  Cn.  If  the  value  of  Ci  is  smaller  than  Cn,  the 
average  of  the  pixels  within  the  local  window  replaces  the 
central  pixel  value. 

In  the  case  when  Q  is  greater  than  Cn,  the  one  of  nine 
subwindows  (the  form  of  subwindows  is  similar  to  filter 
Nagao-Matsuyama  [11])  with  the  minimum  of  the 
standard  deviation  value  and  minimum  coefficient  of 
variation  is  determined. 

In  the  case  when  Ci  in  selected  subwindow  is: 

a)  smaller  than  Cn,  the  average  of  the  pixels  within 
the  subwindow  replaces  the  central  pixel  value; 

b)  between  the  Cn  and  C  =  V2C  ,  the  replacement 

max  n  ’  ^ 

central  value  is  determined  base  of  on  the  MAP 

estimate. 

c)  greater  than  the  upper  threshold,  the  central  pixel 

value  is  preserved  . 

EXPERIMENT 

The  SIR-C  single  look  complex  (SLC)  image  of 
Zhukovskii  (Moscow  Region,  Russia)  with  corner 
reflectors  of  orbit  142.20  was  chosen  for  testing.  The 
pixels  of  image  were  presented  by  the  intensity  -  float 
format.  In  Fig.  3  the  fragments  of  original  and  filtered  test 
image  in  dB  scale  are  shown.  In  the  central  part  of  the 
images  the  corner  reflectors  and  hangars  are  shown. 
NMMAP  filter  have  been  tested,  which  described  above, 
with  the  window  sizes  11*11  elements.  An  evaluation  of 
conservation  of  point  and  multiple  targets  using  filtered 
image  has  been  conducted.  Measurements  of  resolution  at 
level  -3dB  conducted  with  use  corner  reflectors  have 
shown  a  slight  degradation  of  resolution  (approximately 
0.1  m)  with  ENL  equal  to  31.  Three-dimensional  displays 
of  area  with  hangars  before  and  after  filtering  are  shown  in 


Fig.4..  The  distances  between  the  hangars  are  comparable 
to  pixel  size. 

CONCLUSION 

MAP  approach  to  the  SAR  images  filtering  is  one  of 
the  most  perspective,  since  they  more  completely  take  into 
account  not  only  the  SAR  images  speckle  properties,  but 
the  statistics  of  a  signal  backscatter  from  the  surface.  It  is 
shown,  that  MAP-estimation  is  biased  and  it  is  necessary 
to  take  into  account  the  bias,  especially  for  small  number 
of  the  looks.  The  expressions  for  the  non-biased  filters  are 
suggested.  NMMAP  Filter  is  one  of  the  kind  of  the  MAP 
filter  and  more  simple  for  computations  than  SDF.  It  may 
be  recommended  to  detect  point  and  multiple  targets. 

ACKNOWLEDGMENTS 

Authors  wish  to  thank  Ellen  O’Leaiy  of  JPL  for  providing 
SIR-C  radar  data  and  Andrei  Ivanov  of  NPO 
Mashinostroenia  for  useful  discussion. 

REFERENCES 

[1]  D.T.  Kuan,  A.A.  Sawchuk,  T.C.  Strand,  P.  Chavel 
“Adaptive  Restoration  of  Images  with  Speckle”,  IEEE 
Trans,  on  Acous.,  Speech  and  Signal  Proc.,  Vol.35,  No.3, 
March  1987,  pp.  373-382. 

[2]  A.  Lopes,  E.  Nezry,  R.  Touzi,  H.  Laur  “Maximum  A 
Posteriori  Speckle  Filtering  and  First  Order  Texture 
Models  in  SAR  Images”,  IGARSS’90,  pp.  2409-2412. 

[3]  A.  Lopes,  E.  Nezry,  S,  Goze,  R.  Touzi,  G.A.  Solaas 
“Adaptive  Processing  of  Multilook  Complex  SAR 
Images”,  IGARSS’92,  pp.  890-892. 

[4]  A.  Lopes,  S.  Goze,  E.  Nezry  “Polarimetric  Speckle 
Filters  for  SAR  Data”,  IGARSS’92,  pp.  80-82. 

[5]  E.  Nezry,  A.  Lopes,  R.  Touzi  “Detection  of  Stnictural 
and  Textural  Features  for  SAR  Images  Filtering”, 
IGARSS’9i,  pp.  2169-2172. 

[6]  A.  Baraldi,  F.  Parmiggiani  “A  Modified  Version  of  the 
SAR  Speckle  Filter  Based  on  Structure  Detection”, 
IGARSS’94,  CD-ROM  Version,  940052. 

[7]  A.  Baraldi,  F.  Parmiggiani  “A  Refined  Gamma  MAP 
SAR  Speckle  Filter  with  Improved  Geometrical 
Adaptivity”,  IEEE  Trans.,  Vol.GE-33,  No. 5,  September 
1995,  pp.  1245-1257. 

[8]  R.  Touzi,  Lopes  A.,  Bousquet  P.  “A  Statistical  and 
Geometrical  Edge  Detector  for  SAR  Images”,  IEEE 
Trans.,  Vol.GE-26,  No.6,  November  1990,  pp.764-773. 

[9]  K.W.  Helstrom  “Statistical  Theory  of  Signal 
Detection”,  Pergamon  Press,  I960,  Ch.  7. 

[10]  V.V.  Zaitsev,  VI.  V.  Zaitsev  “Analysis  of  the  Speckle 
Suppression  Algorithms  Based  on  the  MAP  Approach“, 
Submitted  to  EUSAR’96. 

[11]  M.Nagao,  T.Matsuyama  “Edge  preseI^^ing 
smoothing”  (in  A  Stnictural  Analysis  of  Complex  Aerial 
Photographs),  Plenum  Press,  New  York. 


364 


1-look 


T-T 


4-looks 


Laboratory  and  In-flight  Spectrometer  Calibration  Technique  in  Visible  and  Near  Infrared 

Spectral  Ranges 


B.L  Belyaev,  L.V.  Katkovsky,  V.P.  Nekrasov 

Remote  Photometry  Laboratory,  Scientific  Research  Institute  of  Applied  Physics  Problems, 
Kurchatova  St.,  7,  Minsk,  Republic  Belarus,  220064; 

Phone:  (0172)  780409;  Fax:  (0172)  780417 


The  optics  remote  sensing  instruments  are  used  extensively 
in  airspace  monitoring  of  environment  and  in  industry 
control  processes  as  well.  As  different  researchers  and 
manufacturers  attempt  to  provide  a  solution  to  the  universal 
problem  of  obtaining  reliable  data,  the  differences  in 
measured  absolute  values  may  arise.  Those  differences  may 
occur  due  to  the  instrument  technology,  processing 
procediues,  calibration  procedures  and  sources.  In-flight 
absolute  calibration  is  important  also  because  of  changes  in 
response  of  optical  sensors  with  time. 

LABORATORY  METROLOGICAL  COMPLEX 

For  the  laboratory  radiometric  calibration  of  various 
optical  sensors  in  the  spectral  range  of  0.35-2.5  pm  the 
Metrological  Complex  have  been  created  at  our  laboratory. 
The  Complex  is  built  up  from  a  number  of  basic  units: 
monochromatic  light  source,  spectral  radiance  comparator, 
reference  light  source  (standardizing  lamp),  diffuse  light 
source,  white  light  source.  The  operation  of  the  Complex  is 
based  on  alternate  comparisons  of  monochromatic,  diffuse, 
and  white  radiation  somces  with  the  sample  lamp  by  using 
the  comparator.  On  the  basis  of  the  ratio  of  the  signals  from 
these  sources,  spectral  radiance  is  calculated  for  each  source 
according  to  the  technique  of  metrological  certification,  in 
which  measurement  of  curves  of  relative  spectral  distribution 
of  the  sources  is  provided,  while  the  absolute  radiance  values 
of  the  diBiised  and  white  light  sources  are  measured  then  at  a 
single  wavelength. 

Monochromatic  light  source  is  designed  for  generating 
parallel  flux  of  radiation  in  spectral  range  0.35-2.5  pm.  For 
this  purpose  the  monochromator  is  used,  that  separates 
monochromatic  radiation  at  the  given  wavelength.  Diffused 
light  source  is  designed  to  generate  the  flux  of  non-polarized 
light  of  continuous  spectrum.  The  device  is  a  photometric 
integrating  sphere  (with  the  diameter  600  mm),  the  output 
slit  has  the  diameter  240  mm.  The  diameter  of  the 
photometric  sphere  is  related  to  the  diameter  of  the  output 

hole  by  the  inequality  -  <0,04).  The  sphere  is 

illuminated  from  the  inside  by  the  set  of  tamps,  with  the 
calibrated  field  stops.  By  opening  the  field  stops  you  can  vary 
the  illumination  level  of  the  inside  surface  of  the  sphere 
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without  changing  spectral  distribution  of  its  radiation.  Thus, 
dynamic  range  of  spectral  radiance  of  continuous  spectrum  is 
provided,  and  it  ranges  from  0  to  3.62-E-3  Wt/cm^  pmsr  at 
the  wavelength  X  =  0.7  pm.  The  white  light  source  includes 
the  lamp,  placed  in  a  special  holder,  that  can  be  moved  by  the 
screw  system  along  the  axis  relatively  to  the  mat  glow  slate 
and,  thus,  according  to  the  law  of  the  square  of  the  distance, 
we  can  change  the  brightness  of  the  mat  glow.  The  white 
light  source  allows  to  obtain  the  values  of  brightness  of  the 
continuous  spectrum  much  larger  than  the  brightness  of  the 
sphere.  The  standardizing  lamp  calibrated  by  spectral 
radiance  is  designed  for  reproduction  and  transmission  of  the 
spectral  radiance  to  the  monochromatic,  diffuse,  and  white 
light  sources. 

The  major  sources  of  errors  during  absolute  radiometric 
calibration  of  the  spectrometers  are;  errors,  that  occur  during 
"transmission"  the  units  of  radiance  from  the  standard  to 
standardized  means  of  measurement  (no  more  than  4%  in 
visible  and  near  infrared  ranges  and  7%  at  the  wavelength 
X  =  0.35  pm;  errors,  caused  by  the  fluctuations  of  the 
brightness  of  the  used  light  soxuce  and  the  fluctuations  of  the 
operating  electric  current  value  (not  more  than  1.5%),  as  well 
as  systematic  errors  of  the  radiance  of  the  standardized 
ribbon  filament  lamp.  So,  the  resulting  mean-square  error  of 
the  radiance  reproduction  in  visible  and  NIR  ranges  does  not 
exceed  6%  and  in  UV  range  it  does  not  exceed  9%. 

THE  ALGORITHM  FOR  THE  LABORATORY 
ABSOLUTE  RADIOMETRIC  CALIBRATIONS  OF  THE 
SPECTRAL  DEVICES. 

For  the  energy  calibrations  we  record  the  calibrated  source 
(sphere)  for  different  brightness  and  look  for  dependence  in 
each  spectral  channel. 

B>.=f,XU).  (1) 

where  -  is  the  brightness  corresponding  to  the  given 

channel,  U  is  the  voltage  or  digital  signal  of  the  digitizer  for 
the  channel,  given  by  the  device.  The  number  of  found 
functions  should  equal  to  the  number  of  the  spectral 
channels. 

During  the  first  stage  of  the  procedure  of  spectral 
correction  the  recording  of  mercury  lamp  is  performed,  and 
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the  linking  of  the  numbers  of  spectral  channels  with  the  real 
wavelengths  is  done.  The  numerical  values  of  the  functions 
in  the  whole  range  of  U  is  calculated  on  the  basis  of: 

spectra  of  the  sphere  (in  U  units)  registered  by  the  device 
for  the  whole  range  of  the  brightness  for  various  operational 
conditions  of  the  spectrometer  (exposition  times);  the  curve 
of  the  related  spectral  distribution  of  the  brightness  of  the 
sphere;  the  curve  of  the  absolute  values  of  the  brightness  of 
the  sphere  at  the  given  wavelength  (?io  =  0.7  pm)  depending 
on  the  value  of  the  field  stops.  The  found  numerical  fimctions 
are  approximated  by  power  series  using  the  least  square 
method. 

A(v)=tKxP,(v).  (2) 

/=1 

where  is  the  polynomial  of  degree  /  from  U  ;  K- 

its  coefficients.  In  this  particular  case  we  use  the  polynomials 
of  Chebyshev,  defined  on  the  interval  (-1;1),  and  having  the 
following  values;  Pq=1;  U  \  =  -Pn-i 

The  result  of  the  calculation  is  a  set  of  coefficients  in  the 
polynomial  of  Chebyshev  in  different  degrees  from  digital 
counts,  brought  to  the  interval  (-1;1),  as  well  as  the  least 
square  errors  for  each  wavelength.  In  order  to  recalculate  the 
experimental  data  to  the  radiance,  it  is  necessary:  to 
transform  the  input  values  U^of  digital  counts  to  the  value 

from  the  interval  (-1;1);  to  select  the  set  of  the  calibrating 
coefficients,  corresponding  to  the  given  spectral  channel 
kfx  y  i  ^  0...N;  to  calculate  the  value  of  radiance  for  the  given 
spectral  channel  by  using  (2). 

IN-FLIGHT  SPECTROMETER  CALIBRATION 
TECHNIQUE. 

The  proposed  procedure  of  in-flight  calibration  of 
spectrometers  with  narrow  field  of  view  involves  the 
following  main  steps: 

1.  Choosing  appropriate  experimental  Earth’s  surface 
(with  uniform  and  high  enough  reflectance’s).  Carrying  out 
detailed  ground  based  measurements  the  surface’s 
bidirectional  spectral  reflectance  coefficients. 

2.  Measuring  the  spectral  radiance  of  the  chosen  ground 
surface  the  calibrated  spectrometer  from  the  orbit  and 
simultaneously  by  any  similar  device  from  a  helicopter  or  an 
aircraft. 

3.  Deriving  the  analytical  formula  for  upward  radiance  at 
the  height  of  the  helicopter  or  the  aircraft. 

4.  Solving  the  inverse  problem  for  retrieval  of  the 
atmospheric  parameters,  using  the  ground  and  the  helicopter 
or  the  aircraft  based  measurements. 


5.  Extrapolating  the  atmospheric  parameters  on  higher 
altitudes  and  using  the  radiation  transfer  code  for  calculation 
the  upward  radiance  at  the  top  of  the  atmosphere. 

Steps  1  and  2  relate  of  the  field  experiments  and  can  be 
carried  out  similarly  as  in  [1].  Now  we  will  discuss  the  steps 
3,4,  related  of  the  atmospheric  correction.  There  are  several 
methods  for  determining  optical  parameters  of  the 
atmosphere  [2].  If  in  the  region  of  the  field  experiment  there 
are  two  contrasting  surfaces  present,  then  we  can  use  the 
method,  which  is  similar  to  [2,3], 

The  spectral  brightness  of  these  surfaces,  registered  from 
the  air,  can  be  put  in  equations: 

5,(0.,(p,)  =  £^o(pK’[  P?’.(e,)+  (3) 

+p, (01 , 9i ) exp{-xl\i, )  ]  +  5,  (0 , , 9, ), 

+P2/?2(02,92)^^H-VP2)  ]  +  '8a(02-92) 

Where  0  =  arccos  |I,  (p  -  the  vertical  and  azimuth  angles 

of  view,  is  the  irradiance  of  the  surface,  p-  is  the 

average  of  the  landscape  spectral  reflectance  coefficient, 
7"j(0)-  is  the  diffuse  transmittance  function  of  the 

atmosphere,  pj  and  p2  -  are  the  spectral  coefficients  of  the 

reflection  ofthe  two  given  surfaces.  7?(0,(p)  is  the  fimction, 
that  takes  into  account  the  possible  anisotropism  of  the 
reflection  of  the  surfaces.  is  the  radiance  of  the 

atmospheric  haze,  T  -total  vertical  spectral  optical  thickness 
between  the  surface  and  the  airplane.  Because  the  surfaces 
are  located  close  to  each  other,  from  the  several  kilometers 

height  we  can  assmne  that  0j  =  02,(Pi  =  Q2 

the  (3)  and  (4)  we  can  obtain  (omitting  arguments  and 

getting  the  explicit  dependence  for  A. ): 

{b,  -  (5) 

The  every  equation  of  (5)  can  alread>^  be  used  for  determining 
X  ^  for  everyone  X ,  because  all  the  other  values  are  measured 

in  the  experiment:  ( /  =  1,2 )  -  from  the  airplane, 

(/  =  1,2)  -  from  the  ground  experiments. 

Though  we  can  get  more  precise  results,  if  we  use  the 
following  approximation  for  spectral  dependence  [3]: 

+<(^oA)^  0<q<2  (6) 

where  -  is  the  fixed  given  wavelength,  ,  rAspectral 
optical  thickness’  for  molecular  and  aerosol  scattering,  and 
just  -  are  considered  unknown.  The  equations  (5) 
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by  taking  into  account  (6)  (the  number  of  the  equations 
equals  to  the  number  of  the  spectral  channels)  is  used  for 
finding  these  parameters  by  using  the  least  square  method. 

In  case  if  the  region  of  field  experiment  does  not  contain 
the  contrast  surfaces,  the  technique  can  be  changed  by 
applying  the  technique  to  the  uniform  background  surface.  In 
this  case  for  the  radiance,  registered  from  the  airplane,  using 
the  formulas  from  [4],  we  can  get 

3^  is  a  total  transmittance;  -solar  irradiance  outside  the 

atmosphere,  Qq  =  arccos\i^  -  solar  zenith  angle,  S- 

spherical  albedo  of  the  atmosphere.  The  following 
approximations  can  be  used  rather  accurately  [4]: 

=  +  (8) 
T;,  =  0.50xf  -h0.16x^ ,  b  =  0.5(1-  g) 


(6).  In  order  to  solve  the  direct  problem  of  the  clear  sky 
atmosphere  we  used  the  single  scattering  approximation  and 
Monte-Carlo  method.  For  the  dark  surface  we  took  into 
account  the  adjacency  effect.  The  whole  width  of  the 
atmosphere  of  about  100  km  was  divided  into  30  layers  of 
different  width  similarly  to  [3].  The  table  I  contains  true 

and  restored  optical  thickness  for  eight  wavelengths 

and  two  heights  h  of  the  surfaces  over  the  see  level.  Note, 
that  for  higher  heights  of  the  surfaces  the  accuracy  is  better. 
Thus,  the  parameters  of  the  atmosphere  can  be  determined 
with  the  accuracy  3-4%,  and,  therefore,  the  values  of 
radiation  for  the  calibration  of  spectrometers  on  the  orbit  can 
be  determined  with  the  same  accuracy. 
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Abstract-The  results  of  ship-borne  measurements  (16-th 
expedition  of  research  vessel  "Academician  Nesmejanov") 
of  signals  from  navigation  satellites  TRANSIT  at  two 
frequencies  (150  and  400  MHz)  are  presented.  It  was 
discovered  that  besides  the  basic  modulation  related  with 
direct  and  reflected  beams  interference  there  was 
additional  modulation  with  lesser  (2  -  20  times)  period. 
This  modulation  was  evidently  related  with  signal 
reflection  from  strong  refraction  index  peculiarities  in  the 
atmosphere  above  the  sea.  These  layers  have  been 
observed  simultaneously  from  radiosonde  refraction 
index  profiles.  The  simple  four-beam  model  was  found  to 
be  in  good  agreement  with  measurements  data.  It 
appeared  possible  to  estimate  the  height  of  reflection 
layers  by  measurements  parameters. 

INTRODUCTION 

Ship-bome  measurements  (16-th  expedition  of 
research  vessel  "Academician  Nesmejanov")  of  power 
angular  dependence  of  the  signal  from  navigation 
satellites  "Transit"  at  two  frequencies  (150  and  400  MHz) 
and  the  antenna  height  level  //  =  20  m  above  the  sea  in 
various  regions  of  Pacific  ocean.  The  adjusted  receiver 
MAGNA-VOX-702  has  been  used.  The  beam  width  of 
spiral  antenna  was  40^.  In  the  measurements  regime  the 
frequency  band  was  200  Hz  at  both  frequencies,  and  that 
provided  the  signal  to  noise  ratio  about  40  dB  at  low 
elevation  angles.  The  main  purpose  of  measurements  was 
to  investigate  the  possibilities  to  use  the  signal  parameters 
for  atmosphere  remote  sensing  and  for  wave  propagation 
prediction. 


MEASUREMENTS  RESULTS 

These  measurements  showed  that  in  about  20% 
cases  besides  the  well  known  (see,  for  example,  [1])  basic 
modulation  related  with  direct  and  reflected  beams 
interference  there  was  additional  modulation  with  lesser 
(2  -  20  times)  period.  This  modulation  is  superimposed  on 
the  basic  modulation  and  it  is  observed  at  low  elevation 
angles  0,  typically  from  -1  up  to  3  -  5  degrees.  The  ett'ect 
have  been  observed  at  both  frequencies,  but  it  was  much 
more  clear  at  lower  frequency  150  MHz.  An  example  of 
ordinary  basic  modulation  and  the  case  with 
superimposed  additional  modulation  are  shown  in  the 
Fig.  1 ,2  respectively. 

Such  a  modulation  is  obviously  related  with  the 
signal  reflection  from  atmosphere  layers  above  the  sea 
with  the  strong  refraction  index  peculiarities.  These  layers 
have  been  observed  simultaneously  from  radiosonde 


Fig.l.  Signal  intensity  (basic  interference)  at  150  MHz. 
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Fig.2.  Additional  modulation,  superimposed  on  basic 
modulation. 


Fig.3.  Refraction  index  height  profile  measured  at  the 
same  time  as  the  signal  in  the  Fig.2. 

refraction  index  profiles.  The  refraction  index  dependence 
on  height  measured  at  the  time  of  signal  measurements 
shown  in  Fig.2  is  presented  in  Fig.3. 

INTERPRETATION 

The  simple  four-beam  model  was  found  to  be  in 
good  agreement  with  measurements  data.  This  model 
takes  into  account  the  interference  of  the  direct  beam,  the 
beam  refiected  from  sea  surface,  the  beam  reflected  from 
the  sea  and,  then,  from  the  atmosphere  layer  at  height 
level  H,  and  the  forth  beam  reflected  from  the  sea,  from 
atmosphere  layer  and,  for  the  second  time,  from  the  sea. 
So,  only  single-reflected  from  the  atmosphere  layer 
beams  have  been  considered.  Assuming  the  reflection 
coefficient  (for  field)  from  sea  Rw  =  exp{rn)  and  that 
from  atmosphere  layer  Ra,  =  k  exp(icp)  one  has  the  simpk 
expression  for  angle  dependence  of  the  received  signal 
intensity  (in  the  plane  Earth  surface  approach): 

7  =  2/1-  cos(^sin^  ) ][\  +  k^ -2k  cos(^^sinQ  +  cp  )/ 
X  X 

On  the  basis  of  above  model  it  is  possible  to 
estimate  the  reflection  height  H  as  antenna  height  h 
multiplied  by  relation  of  basic  and  additional  modulation 
periods: 


H^h 


^^hase 

^^add 


Applying  this  formula  to  the  case  presented  in  Fig.2  one 
obtains  H  =  200  m,  and  it  easy  to  see  in  Fig.3  that  the 
strong  inversion  of  refraction  index  is  located  at  this 
height.  It  is  also  clear  from  tliis  that  heights  of  reflection 
layers  are  within  the  interval  50  -  500  m. 

It  is  possible  to  calculate  the  signal  intensity  for 
spherical-symmetric  atmosphere  taking  also  into  account 
standard  refraction  model.  These  results  (assuming  fc  =  1) 
are  shown  in  Fig.4.  This  much  more  complicated 
approach  gives  about  the  same  results  as  presented  above 
expression  for  plane  case  at  6  >  4*^.  But  at  lower  elevation 
angles  there  exist  some  difference  in  interference  periods 
and  in  maxima  positions  as  it  is  possible  to  see  in  Fig.5. 

It  is  clear  (see  Fig.2),  that  in  reality  the  reflection 
coefficient  falls  drastically  with  elevation  angle.  For 
frequency  400  MHz  it  falls  at  lower  angles. 

Because  the  additional  modulation  for  ascending 
satcUites  differs  in  about  all  cases  from  that  for  the  same 
descending  satelhtes,  it  is  possible  to  make  the  conclusion 
that  the  horizontal  size  of  atmosphere  reflection  layers 
must  be  typically  some  tens  kilometers.  Also  we  have 
observed  sharp  changes  of  reflection  layers  during  about 
one  hour  time  intervals. 

In  the  cases  of  warm  fronts  passing  above  the 
cold  water  we  have  observed  very  deep  additional 
modulation  at  simultaneous  sharp  fading  of  basic 
modulation.  The  most  impressive  case  is  shown  in  Fig.6. 


Fig.4.  Results  of  numerical  modeling. 


Fig.5.  Results  of  numerical  modeling, 
solid  -  spherical  geometry;  dashed  -  plane  geometry 
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Fig.6.  Signal  interference  during  warm  front  passing 

One  can  see  the  enhancement  of  modulation 
period  with  elevation  angle,  w^hich  can  be  explained  if  to 
suppose  that  the  height  of  reflection  point  from  the 
atmosphere  inversion  is  decreased,  i.e,  there  exist  the 
horizontal  inliomogeneity  with  the  scale  of  some  tens 
kilometers.  The  fading  of  basic  modulation  in  this  case 
can  be  explained  taking  into  account  that  in  the 
conditions  of  warm  front  there  exist  very  strong 
temperature  and  humidity  overfall  nearly  the  water 
surface  so  that  the  corresponding  refraction  index 
inversion  leads  to  full  signal  reflection  not  from  the  water 
surface  but  from  this  inversion  at  height  level  nearly  the 
antenna  height.  In  this  case  the  period  of  basic 
modulation  becomes  much  larger  than  in  the  ordinary 
case  of  reflection  from  water  surface. 


From  the  point  of  view  of  wave  propagation 
prediction  it  is  very  interesting  that  in  the  presence  of 
additional  modulation  it  is  possible  to  receive  the  satellite 
signals  at  by  1  -  2^  lower  elevation  angles  than  in  its 
absence. 

CONCLUSION 

The  results  of  ship-bome  measurements  of 
signals  from  navigation  satellites  TRANSIT  at  two 
frequencies  (150  and  400  MHz)  are  presented.  The  main 
purpose  of  measurements  was  to  investigate  the 
possibilities  to  use  the  signal  parameters  for  atmosphere 
remote  sensing  and  for  wave  propagation  prediction. 

It  was  discovered  that  besides  the  basic 
modulation  related  with  direct  and  reflected  beams 
interference  there  w^as  additional  modulation  with  lesser 
(2  -  20  times)  period.  This  modulation  is  explained 
assuming  signal  reflection  from  strong  refraction  index 
peculiarities  in  the  atmosphere  above  the  sea.  These 
layers  have  been  observed  simultaneously  from 
radiosonde  refraction  index  profiles.  The  four-beam 
plane  model  was  found  to  be  in  good  agreement  with 
measurements  data.  The  method  to  estimate  the  height  of 
reflection  layers  by  measurements  parameters  has  been 
proposed. 
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INTRODUCTION 

Spectra  features  describe  the  average  band  to  band  tonal 
variance  in  multiband  images  whereas  textural  features 
describe  the  spatial  distribution  of  tonal  values  within  a  band. 
The  concept  of  texture  can  be  investigated  through  its 
relationship  with  tone  of  the  areal  changes  of  boundary  of 
geologic  units  and  topographic  features  (entrophy  and 
variance)  and  other  parameters  (contrast  and  energy)  are 
useful  to  discriminate  the  texture  pattern. 

Homogenously  textured  image  are  not  so  necessary,  but 
segmentation  of  areal  changes  are  the  important  one,  and 
each  of  which  are  homogenously  textured. 

The  aim  of  this  study  was  evaluate  statistical  parameter  and 
to  associate  a  textural  meaning  to  that  parameters  in  order  to 
perform  an  image  independent  feature  selection.  To  reach  this 
objectivity,  the  statistical  analysis  will  support  theoritical 
consideration  based  on  natural  clustering  in  feature  space  of 
segment  texture  values.  Other  is  to  benefit  by  a  better 
compromise  between  texture  measurement  accuracy, 
computer  storage  and  computation  time,  a  new 
approximation  method  of  texture  image  analysis  based  on 
spatial  distance,  range  similarity,  differences  between  each 
element,  local  average  value,  probability  co-occurence  and 
maximum  numbers  of  pairs.  New  approximation  method  of 
texture  image  analysis  means  enhancement  of  greylevel  spatial 
distribution,  contrast,  energy,  variance  and  entrophy  will  be 
presented. 

The  statistical  analysis  supporting  theoritical  consideration 
was  based  on  natural  clustering  in  the  feature  space  of 
segment  texture  values.  The  results  indicate  that  statistical 
parameters  can  be  identified  and  each  set  featuring  a  specific 
textural  meaning.  Energy  and  contrast  parameter  are 
considerd  become  the  most  efficient  for  discriminating  the 
differences  of  textural  patterns  and  for  topographic  features 
and  boundary  of  geological  units  can  be  observed  in  the 
structural  features  of  satellite  images  in  the  brightness 
changes  of  spectra  through  variance  (standard  deviation)  and 
entrophy. 

METHOD 

Most  work  in  the  texture  image  investigation  have  been 
devoted  to  texture  feature  analysis  within  an  entire  image. 
Most  obvious  treatment  is  to  extract  the  amount  of  textural 
information,  and  if  we  can  assume  that  the  spatial  variation  of 
tone  as  a  variation  of  greylevel  ,  appopriate  measure  can  be 
done  based  on  variance  and  entrophy,  and  discrimination  of 
texture  patterns  by  using  contrast  and  energy.  In  the  statistical 
method  of  texture  image  analysis,  we  should  consider  the 
computational  effort  in  order  to  neglec  the  rational 
independency,  texture  measurement  accuracy,  computer 
storage,  computational  time  and  produce  a  better  results  of 


segmentation  and  can  see  the  heterogeneity  /homogeneity 
area  of  texture. 

To  adequate  that  requirements,  the  statistical  approach  is 
assigned  by  texture  image  analysis  and  statistical  parameter 
based  on  spatial  distance,  range  similarity,  probability  co¬ 
occurence  and  maximum  number  of  pairs.  The  procedures  of 
the  approximation  method  of  texture  image  analysis  as 
follows: 

a.  calculating  the  local  average 

b.  substract  each  element  with  average  value  of  step  a 

c.  if  the  result  of  b<range  similarities  (s*average  of  deviation) 

,  the  value  of  probability  co-occurence  will  add  by  one  (p= 
p+1),  if  not  no  change  (p=p) 

d.  new  greylevel  value  of  each  element  on  window  operation 
are  equal  to  multiplication  of  old  greylevel  value  and  squa¬ 
re  root  of  ((number  of  pixel  on  window  operation*  *2-p*  *2 
)/(number  of  pixel  on  window  operation))/normalization 
factor 

Texture  image  equation  ; 

TI  =  SZ  X(i,j)  *  V  ((np**2-p**2)/(win*win))/N 

i  j 

Variance==SZ  (sum*sum-sxsq*sxsq) 

i  j  /((win*win)*(win*win-l)) 
Entrophy=(-i:*ZZ(Tl(i,j)*sum(Tl(i,j)))*log(ZZ(Tl(i,j)* 
ij  sum(TI))+0.1) 

Energy=ZZ  TI(i,J)*(win*win)/N 

ij 

Contrast  =  (255-ZZ  Tl(i,j))/(win*win) 

ij 

where  : 

TI  :  enhancement  of  greylevel  spatial  distribution 
sum  :  local  summation  on  window  operation 
sxsq  :  local  summation  of  quadrad  of  each  element 
win  :  size  of  window  operation 
N  :  normalization  factor 
EXPERIMENT 


0-7803-3068-4/96$5.00©1996  IEEE 


372 


DISCUSSION 

Texture  provides  the  important  for  image  analysis,  so  textural 
features  can  be  used  to  classify  images  and  differences  in 
texture  can  be  used  to  detect  object  in  an  image  and  one  of 
the  problem  is  segmentation  of  texture  image.  By  applying  the 
approximation  method  of  texture  image  analysis  , applied 
statistical  parameter  into  texture  image  analysis  and  do  the 
clustering/isodata  process,  so  we  can  understand  of  each  set 
featuring  a  specific  textural  meaning.  For  example,  through 
the  theoritical  description  of  energy  is  to  measure  textural 
uniform,  contrast  is  to  measure  the  differences  between  the 
highest  and  the  lowest  value  of  a  contigunous  set  of  pixel, 
variance  is  to  measure  of  heterogeneity/homogeneity  and  its 
strongly  correlated  to  first  order  statistical  values  (standard 
deviation)  and  entrophy  is  to  measure  the  disorder  of  an 
image  and  the  uniformity  of  texture.  We  can  see  the  effect  of 
heterogeneity  of  texture  through  changes  of  variation  size  of 
cluster.  All  that  information  is  the  important  information  for 
geological  analysis. 

CONCLUSION 

Assessment  of  an  investigation  of  the  textural  characteristics 
associated  with  statistical  parameters  (variance,  entrophy, 
contrast  and  energy)  was  applied  into  satellite  data.  This 
paper  has  shown  a  simple  investigation  of  characteristic  of 
image  through  texture  image  associated  with  statistical 
parameters  which  will  become  an  important  factor  for 
geological  analysis.  On  this  study,  we  found  that  the  necessity 
of  association  between  characteristic  of  texture  image,  and 
statistical  parameters  in  order  to  know  the 
heterogeneity/homogeneity  and  uniformity  of  texture  area, 
areal  changes  of  boundary  of  geologic  units  and  topographic 
features. 
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Abstract  -  The  precise  mapping  of  the  border  between  the 
Vdrzeas  (Floodplain)  and  the  Terra  Firme  (Uplands)  along 
Rio  Amazonas,  is  of  fundamental  importance  for  any 
environmental  study  of  this  region.  Within  this  frame,  the 
objective  of  this  study  is  to  analyse  if  a  section  of  Vdrzeas, 
close  to  the  city  of  Santar6m  (Pard  State,  Brazil),  can  be 
mapped  to  an  accuracy  to  fit  the  Cartographic  Accuracy 
Standard  (Padrao  de  Exatidao  Cartogrdfica  -  PEC).  In  this 
study  it  was  verified  if  the  border  Vdrzea/Terra  Firme, 
extracted  from  an  ERS-l/SAR  scene,  texturally  analysed,  is 
compatible  with  PEC.  To  confirm  the  results,  a 
TM/LANDSAT  scene  of  this  region  was  analysed 
separately  and  registered  to  the  ERS-l/SAR  scene.  The 
results  indicate  that  these  products  present  limitations  to 
map  the  floodplain  at  the  precision  required  by  PEC. 

1.0  -  INTRODUCTION 

In  Brazil,  the  Cartographic  Accuracy  Standard  was 
established  by  Federal  Government  Decree  Nr.  89817  on 
June  20, 1984,  establishing  the  maximum  acceptable  errors 
in  planimetry  and  height,  as  well  as  the  corresponding 
standard  error,  according  to  the  map  scale.  Taking  into 
account  that  the  literature  on  thematic  mapping  with 
remote  sensing  techniques  does  not  consider  the 
Cartographic  Accuracy  of  the  final  product,  the  objective 
of  this  paper  is  to  analyse  whether  a  thematic  map 
{Vdrzeas)  obtained  with  ERS-l/SAR  and  TM-Landsat  data, 
with  a  detailed  field  survey,  fits  the  requirements  for 
precision  and  accuracy  of  PEC.  Due  to  the  lack  of  plani- 
altimetric  maps  that  could  be  used  as  a  reference  to  extract 
the  border  between  Vdrzea  and  Terra  Firme  in  the  area 
under  study,  systematic  cartography  procedures  were 
applied.  Location  points  of  high  precision,  obtained  by 
GPS  and  DGPS,  were  implanted  on  the  extreme  points  of 
the  area  under  study. 

2.0  -  DESCRIPTION  OF  TEST-SITE 

The  area  under  study  is  localized  on  the  Rio  Amazonas 
Floodplain,  at  geographical  coordinates  W  54'’30'  -  W 
54°40'  and  S  2*10'  -  S  2°  20'.  The  area  of  interest  is 
covered  by  topographic  maps  SA-21ZB-II  (MI-474  and 
475)  at  1:100,000  scale,  elaborated  and  published  by  DSG 
(Mapping  Service  from  the  Brazilian  Army).  This  section 
presents  an  almost  flat  relief  with  Several  inundation  lakes. 


The  border  to  the  Terra  Firme  is  made  up  by  a  fluvial 
terrace,  with  a  variable  height  of  10-20  m. 

3.0  -  CO-OCCURRENCE  MATRICES  AND  TEXTURAL 
FEATURES 

In  the  analysis  of  texture,  the  gray-level  co-occurrence 
matrix  (GLCM)  is  frequently  used  to  characterize  the 
spatial  relationship  of  the  gray  level.  The  GLCM  P(i,  j,  d, 
6)  denotes  the  frequency  at  which  two  gray  levels  /  and  j 
occur  simultaneously  and  adjacently,  at  a  given  distance  d 
and  at  a  given  direction  9.  [1]  extracted  a  total  of  14 

textural  characteristics  of  the  co-occurrence  matrix.  Among 
these,  some  characteristics  are  used  extensively  to  obtain 
information  from  digital  imagery.  Among  the  textural 
characteristics  defined  by  [1],  6  were  implemented  at  the 
software  package  PCI  EASI/PACE  Radar  Analysis 
Package,  that  was  used  in  this  study  to  work  with  ERS- 
l/SAR  Data;  Local  Homogeneity,  Contrast,  Entropy, 
Average,  Standard  Deviation,  Dissimilarity.  A  detailed 
description  of  these  algorithms  can  be  found  in  [2]. 

4.0  -  MATERIALS  AND  METHODS 

In  this  study  geocoded  digital  ERS-l/SAR  and 
georeferenced  TM-Landsat  data  (bands  2,3,4  and  7)  were 
used.  The  ERS-l/SAR  data  were  processed  with  6  looks  to 
reduce  the  speckle  effects.  No  specific  speckle  reduction 
filter  was  used,  because  they  would  reduce  inherent  texture 
of  SAR  images.  On  the  other  hand,  according  to  [3],  the 
smoothing  of  radar  images  due  to  the  increase  of  looks  is 
made  at  the  expense  of  loss  of  spatial  resolution.  In  this 
study  however  the  loss  of  spatial  resolution  is  not  an 
important  issue. 

5.0  -  PROCESSING  OF  SAR,  TM  AND  FIELD  SURVEY 
DATA 

The  processing  of  remote  sensing  and  of  field  data  was 
made  following  seven  steps,  briefly  described  below:  1. 
Gencoding  of  F.RS-1/SAR  data  -  The  SARPPS  (Preliminar 
Processing  System)  ERS-1  scene  was  converted  to  a 
geocoded  SARGICS  (Geocoded  Image  Correction  System) 
at  nSfPE.  The  georeferencing  of  ERS-1  data  was  made 
using  the  EASl-PACE  GEOSET  software,  and  the 
geographical  coordinates  of  points  in  the  field  were 
determined  by  GPS.  2.  ERS-l/SAR  and  TM-Landsat 
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registration  -  Using  the  GCPWORKS  of  EASI  PACE 
package,  the  TM  bands  2,4  and  7  were  registered  to  ERS- 
1/SAR,  using  6  control  points.  During  the  resampling,  the 
bilinear  interpolation  was  used,  because  it  was  the 
procedure  that  showed  the  most  natural  appearance  to  the 
registered  image.  Due  to  the  low  quantity  of  control  points 
available,  a  first  order  polynomial  transform  was  applied. 
The  average  quadratic  error  of  registration  was  ±  0,33 
pixel.  3.  Textural  analy$i$  of  ERg-l/SAR  data  -  ERS- 
1/SAR  data  were  applied  to  the  texture  analysis  algorithms 
mentioned  above  (3.0).  None  of  these  algorithms  presented 
satisfactory  results.  The  best  result  was  a  contrast 
enhancement  obtained  by  Standard  Deviation  features. 
This  scene  was  used  to  register  the  TM-Landsat  scene  to 
further  extract  the  borders  of  interest.  Figure  1  shows  the 
SARGICS  product  without  (left)  and  with  (right)  the 
Standard  Deviation  features.  4.  Integration  of  ERS- 1/SAR 
with  TM-Landsat  data  -  The  method  to  transform  IHS  in 
RGB  space  (for  references  see,  [4]  and  [5]).  The  color 
composite  TM4(R),  TM7(G)  and  TM2(B)  was  transformed 
to  IHS  space  and  the  component  Intensity  was  replaced  by 
SAR.  The  scene  obtained  was  converted  back  to  RGB 
space.  Afterwards  a  visual  analysis  was  made  to  extract  the 
border  Vdrzea/Terra  Fir  me.  5.  Maximum  likelihood 
classification  -  In  order  to  compare  results,  the  TM-Landsat 
scene  was  tested  separately  to  verify  its’  potential  for  the 
definition  of  the  area  of  Vdrzeas.  A  Maximum  Likelihood 
thematic  classification  was  applied  to  the  composite 
TM3(R),  TM4(G)  and  TM2(B),  and  again  the  border 
between  Vdrzea  and  Terra  Firme  was  extracted.  The 
general  precision  of  the  classification  was  93%,  which  is  a 
quite  reasonable  result  for  such  a  complex  area  like  the 
Vdrzea,  6.  Edition  of  the  reference  vector  -  The  border 
between  Vdrzea  and  Terra  Firme,  plotted  in  the  field,  was 
converted  into  a  text  file  of  ARC  format,  type  .LIN  and 
afterwards  converted  in  a  vectorial  layer  that  can  be 
exhibited  on  a  monitor.  This  conversion  is  made  by  the 
software  GIS  LINKS  from  EASI  PACE.  7.  Results  of 
visual  analysis  -  After  the  interpretation  of  SARGICS/ERS- 
1  and  TM-Landsat  scenes  together  and  separately,  each 
class  limit  was  converted  to  a  list  of  coordinates,  in  pixels 
and  lines,  which  were  compared  to  the  reference  vector  by 
the  calculation  of  the  average  quadratic  error. 

6.0  -  DISCUSSION  AND  CONCLUSIONS 

1.  The  quantitative  analysis  showed  that  a  map  at  a  scale 
1:100,000  derived  from  the  hybrid  product 
SARGICS/ERS-1  and  TM-Landsat,  would  have  a  better 
result  if  each  one  of  them  is  compared  separately.  The 
performance  of  correct  classification  (78%),  in  relation  to 
the  groimd  truth  points  (70),  is  not  sufficient  to  comply 
with  PEC  planimetrically,  whose  demand  is  an  accuracy  of 
90%. 

2.  The  map  derived  from  the  hybrid  product  mentioned  in 
1.  above,  could  be  classified  as  of  A  type,  if  the  scale  is 
reduced  to  1:250,000. 

3.  The  quantitative  analysis  also  showed  that  the  worst 
performance  among  the  products  studied,  refers  to  the  one 


derived  from  TM-Landsat  data  when  used  by  itself.  This  is 
because  the  relief,  with  small  ondulations  doesn’t  produce 
shadows,  and  without  shadows  the  differentiation  among 
the  different  environments  becomes  very  difficult.  The 
vegetation  cover  could  be  another  factor  to  differentiate 
among  environments,  and  in  fact  it  became  a  complicating 
factor.  In  several  sections  there  was  an  “invasion”  of 
vegetation  cover  fi’om  an  environment  over  another  one 
and,  in  this  case,  the  borders  detected  by  TM-Landsat  did 
not  correspond  to  the  effective  border  among  both 
environments  {Vdrzea/Terra  Firme). 

4.  The  product  SARGICS/ERS-1  analysed  separately  (raw 
or  processed)  didn’t  allow  adequate  discrimination  of  the 
environments  studied,  due  to  several  reasons.  The  small 
wavelength  (5,6  cm)  allows  only  a  little  penetration  into 
the  vegetation  canopy,  and  consequently  the  details  of  the 
Vdrzea  morphology  could  not  be  perceived.  The  result  of 
the  relative  uniformity  of  the  vegetation  cover  and  of  the 
moisture  content  was  a  relative  homogeneous  radar 
backscatter  signal  for  different  areas. 

5.  The  results  obtained  in  this  study  did  not  consider  the 
following  points:  (a)  the  errors  due  to  georeferencing  that, 
according  to  theory,  are  around  3  pixels;  (b)  the  errors  due 
to  deformations  of  relief  which  was  considered  as  perfectly 
flat;  (c)  the  assumption  that  pixels  of  the  features  extracted 
from  the  image  correspond  effectively  to  the  points  found 
in  the  field,  which  is  not  the  case.  Nevertheless,  we 
consider  that  the  pixels  interpreted  from  the  features 
extracted  from  the  images,  correspond  to  the  points 
recorded  during  the  field  survey.  This  approximation  is 
necessary  to  reconcile  this  study  with  the  demands  of 
Decree  89.817,  considering  that  pixels  obtained  with  SAR 
data  often  do  not  to  agree  with  ground  truth.  Being  so, 
while  verifying  the  geometrical  quality  of  the  images 
obtained  with  SAR  data,  this  approximation  cannot  be 
accepted. 
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Figure  1  -  Comparison  between  non-processed  SARGICS  (left)  and  processed  (right)  with  Standard  Deviation  feature. 
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Abstract  --  Polarimetric  SAR  data  help  researchers  understand 
and  quantify  the  scattering  properties  of  natural  scenes,  and 
their  variability  under  different  conditions,  better  than  single 
polarization  SAR  data.  In  this  paper,  we  propose  two  detail¬ 
preserving  segmentation  algorithms  for  multiband  images  and 
evaluate  their  performance  using  real  multi-frequency  multi¬ 
polarization  SAR  complex  data.  Adaptive  neighborhood 
structures  are  selected  for  modeling  the  polarimetric  complex 
amplitudes  and  the  region  labels,  and  for  achieving  detail 
preservation.  Experimental  results  obtained  from  multi-band 
and  multi-polarization  SIR-C  data,  selected  for  archaeological 
applications  studies,  show  that  the  novel  schemes  produce 
significant  visual  improvements  for  detail  preservation,  and 
exhibit  equivalent  or  higher  classification  performance  with 
respect  to  the  classical  classification  schemes. 

INTRODUCTION 

Automatic  segmentation  of  polarimetric  SAR  images  is  less 
time-consuming  than  visual  interpretation  and  can  facilitate  the 
inference  of  geophysical  parameters  from  the  surface  and  the 
near  surface.  The  information  about  the  scattering  properties 
of  real  scenarios  is  essential  and  it  can  be  uniquely  acquired 
by  means  of  advanced  processing  techniques  working  on  full 
polarization  data. 

When  dealing  with  the  unsupervised  classification  of  multi¬ 
polarization  and  multi-frequency  images,  the  main  objectives 
to  be  reached  are  the  preservation  of  fine  structural  details  and 
the  smoothing  of  homogeneous  regions,  together  with  an 
efficient  classification  at  the  region  boundaries. 

A  very  interesting  solution  of  this  problem  is  given  by  the 
unsupervised  polarimetric  classifier  by  Rignot,  Chellappa  and 
Dubois  [1]  which  provides  a  maximum  a  posteriori  estimate 
of  the  region  labels,  given,  for  each  label,  the  circular 
Gaussian  model  for  the  conditional  distribution  of  the 
polarimetric  complex  measurement  vector  X  -  [HH,  HV,  W]. 

This  classifier  uses  contextual  information  to  derive 
appropriate  image  models  for  segmentation  purposes,  as 
neighboring  surface  elements  of  natural  scenes  usually  have 
similar  polarimetric  characteristics  that  locally  define 
homogeneous  regions  of  similar  physical  attributes.  In  that 
sense,  a  neighborhood  structure  Ng  and  a  parameter  B  are 
selected  for  modeling  the  polarimetric  complex  amplitudes  and 
the  region  labels.  These  choices  produce  some  undesirable 
effects: 


1.  small  structural  details  are  lost  when  data  smoothing  is 
obtained;  2.  the  classification  error  rate  is  high  at  the  region 
boundaries;  3,  excessive  smoothing  and  leaking  of  region 
labels  result  when  6  is  high  (6  >  1);  4.  a  poor  Maximum 
Likelihood  estimate  is  approximately  obtained  when  6  is  small 
(6  <  1). 

A  higher  degree  of  adaptivity  is  thus  required  to  solve  these 
problems. 

We  propose  two  segmentation  schemes,  called  MICM 
(Modified  Iterative  Conditional  Modes)  and  DPICM  (Detail- 
Preserving  ICM).  The  novelty  of  these  schemes  resides  in  the 
choices  of  N  and  B  which  allow  to  define  an  edge-preserving 
classifier. 

These  novel  schemes  are  included  into  a  complete 
processing  system  and  they  are  tested  on  real  multi-look 
multi-polarization  SIR-C  SAR  complex  images. 

The  paper  describes  the  complete  system  and  it  is  structured 
as  follows. 

First,  the  problem  of  efficiently  filtering  the  original  data  is 
considered  as  a  key  point  for  the  correct  behavior  of  the 
following  phase  of  fuzzy  pre-classification.  The  final 
classification  is  then  performed  by  using  the  two  alternative 
novel  approaches.  The  experimental  results,  carried  out  on 
important  archaeological  sites,  are  finally  illustrated. 

FILTERING 

Speckle  noise  affects  the  amplitude  variance  of  the  signal 
data  which  drives  many  clustering  techniques,  such  as  the 
Fuzzy  C-Means  (FCM)  algorithm  used  for  pre-classification 
and  described  in  the  next  Section.  Therefore,  the  reduction  of 
speckle  in  SAR  imagery  can  significantly  improve  the  global 
performance  of  an  automatic  classification  system. 

Polarimetric  SAR  data  sets  make  it  possible  to  reduce  the 
speckle  effect  by  using  the  correlations  among  the  co¬ 
polarized  and  cross-polarized  images. 

In  [2],  an  efficient  filtering  algorithm  is  proposed,  which  do 
not  combine  HH,  HV,  and  VV  images  into  one  image,  but 
produces  speckle-reduced  HH,  HV,  and  VV  images. 

Moreover,  for  multifrequency  polarimetric  SAR,  frequency 
diversity  can  be  incorporated  in  addition  to  polarization 
diversity  by  extending  the  algorithm  to  n  dimensions. 

Based  on  a  multiplicative  noise  model,  the  algorithm 
achieves  speckle  reduction  by  defining  a  linear  combination  of 
the  three  polarizations  HH,  HV  and  VV,  thus  providing  an 
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unbiased  estimation: 

^HH  ~  ■'■^2^Vy^Y )  ( 1  ■‘■CCi  +OC2)  ^  ^  ^ 

where  z  is  the  original  data,  &  the  filtered  data, 

£  =E[z^^]/E[z^^]  Y  =E[Zyy]/E[z„J  (2) 

and  aj,  0C2  are  chosen  such  that  the  mean  square  error  is 
minimized. 

In  this  way,  speckle-reduced  HH,  HV,  and  VV  images  are 
obtained,  which  retain  the  radiometric  characteristics  of  the 
original  signals. 

FUZZY  PRE-CLASSIFICATION 

In  this  phase,  the  filtered  set  of  multifrequency, 
multipolarization  images  is  processed  to  obtain  a  preliminary 
segmentation  of  the  scene. 

First  a  feature  vector  is  defined,  whose  five  components 
are  ten  times  the  logarithm  of  the  parameters  composing  the 
polarimetric  covariance  matrix,  i.e.  the  intensities  of  the  linear 
polarizations  and  the  amplitude  and  phase  of  the  complex 
normalized  component  HHVV*. 

Then  the  Fuzzy  C-Means  (FCM)  algorithm  [3]  is  applied  to 
the  feature  vector,  choosing  ^  =  5  and  m  =  2,  where  k  is  the 
number  of  classes  and  m  is  the  parameter  which  modulates  the 
fuzzy  partition  function  (note  that  the  minimum  value  m  =  1 
corresponds  to  a  hard  partition,  that  is  a  binary  logic). 

Finally,  k  output  images  I^,  I2,...,  1^  are  obtained,  which 
provide,  for  each  pixel,  the  fuzzy  memberships  pj,  Pk 
to  the  k  classes,  respectively.  These  images  are  combined  into 
another  image  F  which  is  the  final  and  only  output  of  the 
fuzzy  pre-classification.  The  value  of  a  given  pixel  P  of  F  is 
the  class  label  i  if,  for  pixel  P,  is  verified  Pi>  p^  for  j=l, 
2,..„  k. 

The  pre-segmented  image  does  not  provide  a  very 
accurate  classification,  but  it  represents  a  good  starting  point 
for  the  iterative  polarimetric  classifier. 


neighboring  surface  elements  of  natural  scenes  usually  have 
similar  polarimetric  characteristics  that  locally  define 
homogeneous  regions  of  similar  physical  attributes.  In  that 
sense,  a  neighborhood  structure  Ns  is  selected  for  modeling 
the  polarimetric  complex  amplitudes  and  the  region  labels. 

In  [1]  Ns  is  a  second  order  neighborhood  window  W,  i.e.  a 
3x3  square  box,  and  6  is  a  positive  value  which  is  kept 
constant  for  every  pixel  of  the  window.  The  energy  function 
U2  is  defined  as: 

U^(L,^l/L,  reN^)  =  -p/^  £  6,(L,-L )  (3) 

re/V» 

where  6^  is  the  Kroneker  delta  function,  N=8,  and  the  other 
parameters  are  defined  in  [1],  The  energy  term  U2  takes  into 
account  the  conditional  distribution  of  the  region  labels.  To 
avoid  loss  of  fine  details,  high  classification  error  rate  at  the 
region  boundaries,  excessive  smoothing  and  leaking  of  region 
labels  result  when  B  >  1,  and  poor  Maximum  Likelihood 
estimate  when  6  <  1,  we  propose  two  segmentation  schemes, 
called  MICM  (Modified  Iterative  Conditional  Modes)  and 
DPICM  (Detail-Preserving  ICM),  The  choices  of  N  and  6  are 
re-defined  to  achieve  edge  preservation.  In  MICM  the  value 
of  6  is  not  kept  constant  over  the  local  window  W  (5x5),  but 
it  varies  linearly  with  the  maximum  number  n  of  pixel  in  W 
which  have  the  same  label.  Therefore,  the  constant  value  6  in 
(3)  is  substituted  by  a  linear  function  6(n). 

In  DPICM  the  neighborhood  structure  N  is  a  5x7  window 
whose  orientation  is  determined  by  the  local  degree  of 
homogeneity  of  the  original  polarimetric  data.  Let  N^  i=  1,2,3, 4 
denote  the  four  windows  with  different  orientations  in  Fig.  1 . 
The  algorithm  uses  the  modified  energy  term  U2: 

(4) 

where  nj^=4  and  N^,  is  the  window  corresponding  to  the 
minimum  value 

m  =  min  {var^(z^;^)}.  (5) 

i«l,2,3,4  ' 


POLARIMETRIC  CLASSIFIER 

As  in  the  original  scheme  by  Rignot,  Chellappa  and  Dubois 
[1],  we  use  the  Iterative  Conditional  Modes  (ICM)  algorithm 
to  obtain  a  fast  and  close  approximate  to  the  MAP  estimate 
which  conversely  requires  several  hundred  iterations  to 
converge. 

Moreover,  contextual  information  is  used  to  derive 
appropriate  image  models  for  segmentation  purposes,  as 


o 


□ 


Nj 


Nj  N3  N4 


Fig.  1  Neighborhood  structures  for  the  DPICM  algorithm 
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RESULTS  AND  COMPARISONS 

Experimental  results  obtained  from  multi-band  and  multi¬ 
polarization  SIR-C  data  (the  test  sites  have  been  chosen  for 
archaeological  applications  studies)  show  that  the  two  novel 
schemes  produce  significant  visual  improvements  for  detail 
preservation,  and  exhibit  equivalent  or  higher  classification 
performance  with  respect  to  the  classical  scheme.  Moreover, 
both  approaches  do  not  need  additional  topological 
information  based  on  fuzzy  connectivity,  as  in  [4],  for 
preservation  of  small  structures. 

Table  1  summarizes  some  results  about  the  classification 
accuracy  on  five  classes,  detected  with  unsupervised  approach, 
on  polarimetric  SAR  data  of  the  Angkor  test  site  (Cambodia). 
Data  available  are  SIR-C  full  complex  images  acquired  during 
the  Space  Shuttle  Endeavour  mission  in  April  and  October 
1994. 


Table  1  Classification  accuracy  comparisons. 


class  0 

class  1 

class  2 

class  3 

class  4 

average 

ML 

0.817 

0.676 

0.555 

0.800 

0.983 

0.766 

ICM 

0.850 

1 

0.840 

0.910 

0.990 

0.918 

MICM 

0,900 

0,988 

0,840 

0,895 

0,990 

0.923 

DPICM  0,972 

0,988 

1 

0,985 

0,990 

0.987 

Fig.  2  illustrates  the  original  L-band  HH-polarized 
amplitude  image  of  the  Angkor-Wat  site  (Cambodia).  Fig.  3 
shows  that  both  extended  regions  and  linear  structures  are  well 
preserved  by  the  proposed  DPICM  algorithm  and  it  confirms 
the  numerical  results  in  Table  1.  Also  the  Maximum 
Likelihood  (ML)  solution  is  reported  for  comparison. 


Fig. 2  Original  UHH  amplitude  image  of  the  Angkor-Wat  site 
( Cambodia) 


Fig.  3  Classification  maps  obtained  by  ML  (top-left),  ICM 
(top-right),  MICM  (bottom-left),  DPICM  (bottom-right). 

DPICM  outperforms  all  other  techniques  because  it  strongly 
reduces  the  problem  of  over- segmentation  without  introducing 
additional  loss  of  details.  Regular  structures  and  thin  lines  are 
retained  by  DPICM,  thus  helping  the  process  of  detection  of 
significant  classes  that,  in  this  case,  mainly  consist  of  temples, 
artificial  channels  and  ancient  streets. 
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Abstract  -  From  an  ERS-1  SAR  image  over  the  East  China 
Sea  in  May  31,  1995,  transverse  ship  waves  are  detected  and 
analyzed.  The  original  Hough  transform  is  applied  to 
determine  the  location  of  the  ship  its  direction  of  motion  and 
the  linear  boundary  of  the  V-shaped  wake  region.  Then  the 
one-parameter  Hough  transform  is  applied  to  detect  the 
transverse  ship  wave  pattern  in  the  SAR  image.  Once  detected, 
the  hazy  transverse  ship  wave  crests  in  the  SAR  image  can  be 
best  fitted  to  analytic  solutions.  From  the  fitted  wave  crests, 
one  can  estimate  the  wavelength  of  the  transverse  ship  wave 
and  hence  the  speed  of  the  ship. 

INTRODUCTION 

Tlie  wave  pattern  behind  a  moving  body  in  water  is  one  of  the 
most  consistent  phenomena  observed  in  Nature.  Whether  it  is 
generated  by  a  small  duck  in  a  pond  or  a  big  aircraft  carrier  in 
an  ocean,  the  wave  pattern  is  always  confined  to  a  unique  V- 
shaped  wake  of  about  35  degrees.  Lord  Kelvin  [5]  has  first 
studied  the  ship  wave  pattern  by  considering  an  integral 
solution  consisting  of  the  superposition  of  all  the  plane  waves 
generated  by  a  ship.  The  remarkable  results  derived  from  his 
analysis,  which  are  all  observable,  may  be  summarized  as 
follows  :  (1)  Significant  waves  are  confined  to  a  V-shaped 
wake  of  35°  16',  (2)  at  a  particular  point  in  the  wake  exist 
only  two  types  of  waves:  diverging  and  transverse  waves  with 
unique  propagation  direction  respectively,  and  (3)  the  phase 
speed  of  each  of  these  waves  relative  to  the  ship  is  equal  to  the 
projection  of  the  speed  of  the  ship  along  the  wavenumber 
direction.  The  SAR  imagery  can  be  a  very  useful  tool  for  the 
observation  of  such  ship  wave  patterns..  The  Kelvin  ship  wake 
can  be  detected  automatically  from  SAR  images  [3],  but 
observations  of  the  divergent  and  the  transverse  Kelvin  ship 
waves  have  been  rarely  reported.  In  this  paper,  a  case  study  is 
presented  for  the  detection  and  analysis  of  the  transverse  ship 
waves  from  the  high-resolution  ERS-1  SAR  images  collected 
over  the  East  China  Sea  in  May  31,  1995.  Based  on  the 


Kelvin’s  model  solutions  of  ship  waves,  we  shall  show  in  the 
following  that  the  transverse  waves  can  be  detected  and 
enhanced  in  SAR  imagery  by  using  the  Hough  transform 
techniques. 


DETECTION  OF  TRANSVERSE  WAVES 

Based  on  the  method  of  stationary  phase,  one  of  the  most 
remarkable  conclusions  derived  from  Kelvin’s  analysis  is  that 
at  the  far  field  from  the  ship,  only  two  distinct  ship  wave 
components,  each  with  a  unique  propagation  direction,  are 
permissible.  In  an  co-ordinate  frame  moving  with  the  ship  in 
the  positive  direction  (see  Fig.  1  ),  the  loci  of  the  Kelvin  ship 
wave  crest  may  be  expressed  parametrically  as  [4] : 

x=(A/2)(2cos6  -  cos^O)  (1) 

y=(A/2)sin0cos^e 

where  0  is  the  angle  between  the  wavenumber  vector  at 
location  (x,  y)  and  the  x-axis .  The  x-axis  is  along  the  ship’s 
motion  direction,  and  the  origin  is  fixed  at  the  ship.  A  is  a 
parameter ,  constant  for  each  wave  crest.  The  difference  of  the 
values  in  A  between  two  successive  crests  may  be  interpreted 
as  twice  the  wavelength  of  the  transverse  waves  at  0  =  0. 
Note  that  for  different  values  of  0,  (1)  may  represent  either 
divergent  waves  or  transverse  waves;  for  101  >35°  16',  it 
represents  the  locus  of  the  divergent  waves  ,  while  for 
I0I<36°16'  it  represents  those  of  the  transverse  waves.  The 
locus  of  a  diverging  wave  crest  and  a  transverse  wave  crest 
is  plotted  in  Fig.  1,  and  the  wavenumber  vectors  at  the  two 
extreme  locations  are  also  shown. 

A  SAR  image  collected  over  the  East  China  Sea  at  in  May 
31, 1995  indicates  the  presence  of  a  ship  wake  and  a  hazy  ship 
wave  pattern  similar  to  that  of  the  transverse  wave  crests.  If 
these  features  indeed  exist,  their  exact  locations  and 
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orientations  remian  unknown.  How  can  these  features  be 
detected  automatically  ?  Can  the  detected  ship  waves  be 
quantitatively  retrieved  from  the  S  AR  images  and  how  do  they 
fit  to  the  model  solutions  in  (1)?  To  give  definitive  answers 
to  these  serious  questions,  an  algorithm  based  on  the 
application  of  the  Hough  transform  has  been  developed.  The 
Hough  transform  [1],  a  powerful  technique  for  detecting 
boundary  curves  in  digital  images,  basically  maps  the  edge 
elements  in  the  image  into  a  parameter  space.  The  points  on 
the  curves  tends  to  cluster  at  the  relative  maxima  of  the 
parameter  space  so  that  the  boundary  of  the  curve  can  be  easily 
detected.  In  addition  to  its  advantage  of  being  relatively 
immune  to  gaps  in  the  edge  elements  and  to  noise,  the  Hough 
transform  especially  fits  our  purpose  of  automatic  detection 
and  analysis  of  the  transverse  ship  wave  crest  shapes,  because 
only  one  single  parameter  is  involved  here  so  that  the  Hough 
transform  can  be  efficiently  implemented  with  an  one¬ 
dimensional  accumulator  array  . 

The  procedures  for  detection  and  analysis  of  the  ship 
transverse  waves  may  be  summarized  as  follows: 

(1)  Apply  the  two-dimensional  wavelet-transform  [2]  with  a 
Gaussian  wavelet  to  generate  an  edge  map  by  limiting  the 
wavelet  transform  results  above  a  threshold. 

(2)  Apply  the  Hough  transform  to  detect  the  boundaries  of 
the  ship  wake  [3]  and  to  determine  the  location  of  the 
ship  and  its  heading. 

(3)  The  co-ordinate  of  each  edge  element  located  in  the 
detected  V-shaped  wake  is  transformed  into  the  co¬ 
ordinate  frame  moving  with  the  ship  . 

(4)  With  the  co-ordinate  of  each  edge  element  become  known, 

now  apply  again  the  Hough  transform  to  detect  whether 
the  transverse  ship  wave  crests  exits  in  the  wake  region. 
For  this  purpose,  given  each  location  (x,  y)  of  the 
element  in  the  wake  region,  solve  from  (1)  for  the 
parameter.  A,  in  terms  of  (x,  y  ): 

_ 2x 

cos0(2-cos^0) 

and 


twice  the  wavelength  of  the  transverse  waves.  Thus  the 
periodicity  of  the  accumulator  curve  is  used  as  an 
indicator  of  the  presence  or  the  absence  of  the  ship 
transverse  waves. 

RESULTS 

Fig.2a  show  a  subscene  of  the  SAR  image  centered  at 
(25.91  UN,  121.380"‘E).  By  visual  inspection,  we  noticed  a 
bright  spot  with  a  dark  strip  and  a  bright  line  directly  behind 
it  forming  a  V-shape.  More  interestingly,  hazy  curved  line 
features  appear  to  exit,  suggesting  the  presence  of  the  ship 
transverse  waves.  The  location  and  orientation  of  these 
features  still  remain  unknown.  The  goal  of  the  this  study  is  to 
perform  automatic  detection  and  quantitative  analysis  of  these 
features  by  using  computer  methods.  The  results  are  shown  in 
Fig.2b  and  Fig.2c  respectively.  Fig.2c  shows  the  result  of  the 
second  Hough  transform.  The  horizontal  axis  represents  the 
parameter,  A,  in  (1),  and  the  vertical  axis  represents  the 
coints  of  the  edge  elements  for  A  particular  value  of  A.  We 
note  that  the  accumulation  of  the  edge  elements  varies  with 
the  parameter.  A,  periodically  with  an  averaged  period  of  about 
212.5m.  As  noted  before,  the  difference  in  parameter  A 
between  maxima  may  be  considered  to  be  equivalent  to  twice 
the  wavelength  of  the  transverse  wave  along  the  x-axis  (0  =  0). 
Since  the  wavelength.  L,  is  related  to  the  speed  of  the  ship,  U, 
as  27r/L=g/U^  at  0«O  ,  we  can  use  this  relation  and  the 
retrieved  wavelength  to  estimate  the  speed  of  the  ship.  With 
L  ^  106.3  m  estimated  by  averaging  the  highest  9  relative 
maxima  shown  in  Fig.2b  marked  by  circles,  the  speed  of  the 
ship  is  estimated  to  be  25  knots,  a  reasonable  value  for  perhaps 
that  of  a  supertanker  . 

By  substituting  the  relative  maximum  values  of  A  (those 
marked  by  a  circle  in  Fig.2a)  into  (1)  and  incrementing  0 
from  -35^16' to  35^16',  we  can  determine  the  loci  of  each 
individual  wave  crests  in  the  SAR  image  as  shown  in  Fig.2c. 
The  model  curves  of  the  transverse  wave  crests  obtained  from 
the  Hough  transform  agree  with  the  curved  line  features  in  the 
SAR  image  very  well.  This  again  shows  that  the  latter  are 
indeed  the  signature  of  the  wave  crests  of  the  ship  transverse 
waves. 


CONCLUSIONS  AND  SUMMARY 

For  automatic  detection  of  ship  transverse  waves  in  SAR 
images  based  on  the  analytic  solutions,  there  are  actually  five 
unknown  parameters  involved:  the  x-y  coordinate  of  the  ship, 
the  direction  of  its  motion,  and  the  wavelength  of  the 

(5)  Accumulate  the  computed  A  value  into  an  one-  transverse  wave.  To  solve  these  five  parameters 

dimensional  accumulator  array ,  which  is  quantized  by  an  simultaneously  from  the  Hough  transform,  it  would  requires 

increment  of  one  pixel  spacing  (12.5  m).  formidable  amount  of  computer  memory  and  time  to 

(6)  When  transverse  ship  waves  exist,  the  accumulator  curve  implement.  Instead,  we  divide  the  detection  process  into  two 

Avill  a  show  a  well  defined  periodicity  with  period  equal  to  stages.  In  the  first  stage,  we  apply  the  original  Hough 


cos0= 

\  2(y/xf^2 


transform  to  the  SAR  data  to  determine  the  ship's  location,  its 
direction  of  motion  and  the  boundary  of  V-shaped  ship  wake 
region.  Then  we  apply  an  one-parameter  Hough  transform  to 
only  those  pixels  confined  in  the  detected  ship  wake  region. 
The  periodicity  of  the  clustering  of  pixels  in  the  parameter 
space  is  then  used  as  an  indicator  to  detect  the  presence  or  the 
absence  of  transverse  ship  waves.  In  the  case  considered, 
periodic  behavior  of  the  pixel  clustering  with  well  defined  and 
equal  spacing  between  the  relative  maxima  are  clearly  evident 
,  and  these  results  strongly  indicate  the  presence  of  the 
transverse  ship  waves.  Once  detected,  the  hazy  transverse  ship 
wave  crest  shapes  in  the  SAR  image  can  be  enhanced  by 
fitting  the  SAR  data  to  the  analytic  solutions.  It  would  be 
extremely  difficult  to  obtain  such  model  fit  results  directly 
from  the  SAR  image  by  any  other  method  such  as  that  of  non¬ 
linear  regression.  From  the  spacing  of  the  relative  maxima  in 
the  parameter  space,  the  wavelength  of  the  ship  transverse 
wave  can  be  estimated  and  hence  the  speed  of  the  ship. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  the  National  Aeronautics  and 
Space  Administration  and  the  Office  of  Naval  Research. 

REFERENCE 

[1]  D.H.Ballard,  ’’Generalizing  the  Hough  transform  to  detect 
arbitrary  shapes,”  Pattern  Recognition,  Vol.  13,  pp.  111- 
122,  1981. 

[2]  Liu,  A.  K.,  and  C.  Y.  Peng,  “Ocean-ice  interaction  in  the 
marginal  ice  zone,”  Proceedings  of  Second  ERS-1 
Symposium,  1993. 

[3]  Liu,  A.  K.,  C.  Y.  Peng,  and  Y.S.Chang,  “Mystery  ship 
detected  in  SAR  image,”  Trans.  American  Geophysical 
Union,  vol.  77,  pp.  17-18,  1996. 

[4]  J.N.Newman,  “Marine  Hydrodynamics,”  Cambridge:  The 
MIT  Press,  1979. 

[5]  Lord  Kelvin,  ”On  ship  waves,”  Proc.  Inst.  Mech.  Eng., 
vol.  3,  1887. 


Fig.2b 


Fig.2c 


50  100  150  200  250 


y 


Fig.l  Coordinate  frame 


382 


ROME:  the  ROsetta  Microwave  Experiment  for  the  Investigation  of  the  Cometary  Nucleus 


Gennaro  FEDELE,  Giovanni  PICARJDI  and  Roberto  SEU 
INFOCOM  Dpt.,  University  of  Roma  “La  Sapienza” 

Via  Eudossiana,  18  LOO  184  Roma,  Italy 

Tel.  +39-6-44585455  -  Fax.  +39-6-4873300  -  e-mail:  picar@infocom.ing.uniromal.it 


Abstract  --  This  paper  describes  the  experiment  proposed  for 
the  remote  sensing  of  the  comet  PAVirtanen.  To  achieve  the 
experiment  objectives  a  multimode  microwave  sensor  has 
been  designed  which  accomodate^;  three  different  modes  of 
operation:  radiometer  mode,  altimetry  mode  and  sounder 
mode.  A  discussion  of  the  leading  concepts  is  presented,  on 
which  the  experiment  is  based. 

INTRODUCTION 

The  aim  of  ROME  (ROsetta  Microwave  Experiment)  is  the 
remote  sensing  of  the  comet  nucleus  layered  surface,  basi¬ 
cally  the  first  few  meters  in  depth.  This  task  can  be  achieved 
by  exploiting  the  capability  of  microwaves  to  penetrate  to 
some  extent  the  materials,  especially  if  dry.  In  this  paper  we 
present  the  nuiltimode  microwave  sensor  designed  for  the 
Rosetta  mission  for  the  remote  sensing  of  the  comet 
P/Wirtanen.  The  ROME  instrument  combines  the  capability 
of  an  active  microwave  sensor,  like  a  radar  altimeter,  and  a 
passive  microwave  instrument,  basically  a  radiometer. 
Moreover,  to  locate  subsurface  discontinuities,  also  a 
sounder  mode  of  operation  has  been  designed. 

RADIOMETER  MODE 


Microwave  radiometric  measurements  are  capable  of  pro¬ 
viding  information  about  the  heat  distribution  on  the  surface 
of  comets  and  they  are  unique  as  to  give  insight  also  into  the 
subsurface  structure  of  heat  flow.  For  comets  and  asteroids,  it 
is  of  utmost  importance  to  get  knowledge  of  thermal  distri¬ 
bution  and  heat  flow,  because  this  information  is  associated 
to  the  accretion  of  comets  and  differentiation  of  the  solar 
system.  For  example,  the  temperature  profile  within  the 
comet  nucleus  allows  to  understand  the  history  of  volatile 
materials  within  a  comet  as  well  as  the  composition  and 
structure  of  the  nucleus  [3].  The  search  for  the  thermal  sig¬ 
natures  of  cometary  material,  e.g.  across  the  sun¬ 
light/shadowed  terminator,  can  be  specifically  supported  by 
space-borne  microwave  radiom^ty  delivering  a  thermal  and 
three-dimensional  spatial  resolution  that  can  neither  be 
achieved  by  earth-based  observations  nor  by  on-board  optical 
or  IR  instrumentation.  As  well  known,  remote  sensing  of  IR 
radiation  is  limited  to  the  very  upper  layer  of  surface,  then,  it 
is  just  microwave  radiometry  that  is  capable  of  high 
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penetration  depth,  being  sensitive  to  thermal  radiation 
emerging  from  deep  subsurface  layers  at  low  frequencies. 
Finally  the  scientific  objectives  of  the  radiometer  can  be 
summarized  as  follows:  measure  the  surface  and  subsurface 
brightness  temperature,  determine  the  subsurface  tempera¬ 
ture  profile  (two  layer  model)  and  the  associated  thermal 
conductivity  and  flux,  determine  the  gradient  of  thermal  flux 
across  the  tenninator  deriving  the  thermal  difiusivity  and 
time  constant  of  thermal  inertia  as  well. 

The  core  temperature  (Tc)  and  the  temperature  profile 
across  the  terminator  can  be  evaluated  by  means  of  the  fol¬ 
lowing  techniques.  The  temperature  Tc  will  be  evaluated 
well  below  the  skin  depth,  that  is  the  depth  at  which  a  sinu¬ 
soidal  temperature  variation  with  a  period  equal  to  the  or¬ 
bital  period  is  reduced  by  a  factor  1/e:  in  [3]  a  typical  value 
of  the  skin  depth  was  evaluated  in  6  m.  The  temperature  Tc 
can  be  determined  from  the  consideration  that  in  steady  state 
the  heat  flow  q(r)  averaged  over  the  orbit  is  zero  at  all  depths 

-  1  f  f  o  OT(r,Q,t) 

q(r)  =  -^  J  J  r^K(T)  .  ^  dDdt  =  0  (1) 


where  K(T)  is  the  thermal  conductivity  (function  only  of 
temperature  T  with  the  assumption  of  homogeneous  nu¬ 
cleus).  According  to  the  evaluation  reported  in  [3]  and  by 
considering  the  analytical  model  suggested  in  [1]  for  the 
K(T),  we  obtain 


crystalline  ice 


K(T)- 


a 


exp(lnTs) 


(a=567  W-m-’) 


(2) 


•  amorphous  ice  K(T)  =  aT + b 

(a=2.3410'^  W  m  'K  ^  b=2.8-10'^  W-m  'K  ') 


2  2b-  b" 

Tj  +  Ts+— 

a  a 


(3) 


where  Ts  is  the  surface  temperature  and  its  averages  are 
performed  on  the  spatial  and  orbital  period  domains  as 
shown  in  (1). 

To  get  the  temperature  profile  the  one-dimensional  solution 
of  the  thermal  diffusion  equation  can  be  considered,  neglec¬ 
ting  latitudinal  effects  and  assuming  an  isothermal  surface 
with  uniform  thermal  properties  throughout  the  nucleus.  The 
heat  difiusion  equation  [4]  is  given  by 

pc(T)^  =  V[K(T)-VT]  (4) 
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where  p  is  the  density  and  c(T)  is  the  specific  heat. 

By  considering  a  one  dimensional  model  (4)  becomes 


pc(T)  ar  5T 

— -  = - =Y — .  (5) 

dL  K  a  at 

where  z  is  the  depth  spatial  coordinate.  The  solution  of  (5) 
based  on  finite  differences,  scaling  the  term  At  =  Az^  •  Y  / 2, 
is  given  by 


Ti+i,j+Ti_ij 


(6) 


In  conclusion  through  the  solution  by  finite  differences  of  the 
thermal  diffusion  equation  we  have  a  relationship  between 
the  temporal  (index  j)  and  spatial  (index  i)  temperature  va¬ 
riations  so  that  it  will  be  possible  to  evaluate  the  temperature 
profile  especially  across  the  terminator  where  we  get  the 
maximum  sensitivity. 

To  accomplish  all  the  above  ta$ks  the  proposed  radiometer 
makes  use  of  dual  frequency  capability:  X-band  has  been  se¬ 
lected  to  measure  the  surface  brightness  temperature  and  S- 
band  for  the  subsurface  thermal  radiation.  In  fact,  for  typical 
cometary  surfaces,  microwave  emission  at  X-band  is  ex¬ 
pected  to  emerge  from  depths  of  the  order  of  500  m  (snow), 
25  m  (ice)  and  some  tens  cm  (dust),  assuming  negligible 
surface  and  volume  scattering.  At  S-band  subsurface  micro- 
wave  emission  may  effectively  be  measured  as  deep  as  be¬ 
tween  2300  m  and  5  m,  mainly  depending  on  loss  tangent 
and  dielectric  permittivity. 

The  radiometric  sensitivity  provides  an  accuracy  of  +  0.3  K 
for  the  brightness  temperature  (relative  variations)  and  an 
absolute  accuracy  in  the  order  of  +  1  K.  These  values  are  re¬ 
lated  to  results  from  earth-bound  and  space-borne  observa¬ 
tions.  For  example,  the  brightness  temperature  of  comet  Ko- 
houtek  was  measured  from  earth  to  be  313  +  80  K  at  8.1 
GHz,  whereas  measurements  by  S/C  Vega  1,  2  and  Giotto  in 
the  IR  and  visible  range  yielded  values  of  brightness  tem¬ 
perature  for  comet  Halley  larger  than  300  °K.  So,  the  (fy- 
namic  range  of  cometary  brightness  temperatures  to  be  ex¬ 
pected  is  estimated  to  be  about  80  K  to  400  K.  Moreover,  the 
relative  accuracy  allows  the  thermal  resolution  of  locally 
emissive  inhomogeneities  arranged  parallel  or  perpendicular 
to  the  cometary  surface. 

Finally,  it  must  be  noted  that  the  radiometer  measures  the 
briglrtness  temperature,  but  the  uncertainity  of  the  physical 
temperature  estimate  can  be  reduced  since  the  ROME  radar 
has  the  capability  to  measure  the  reflection  too. 


ALTIMETER  MODE 

The  scientific  requirements  of  the  altimeter  mode  are  the 
estimation  of  first  layer  composition  and  elevation  profile  of 
the  comet  nucleus  surface;  moreover,  by  on-ground  process¬ 
ing  surface  topographic  characteristics  like  roughness  and 
spatial  correlation  can  be  obtained.  Note  that  the  multilay¬ 


ered  structure  of  the  comet  nucleus  is  supported  by  theoreti¬ 
cal  models  and  experimental  measurements  [7].  The  need  to 
gain  information  about  the  smface  structure  leads  to  select  S- 
band  for  the  radar  sensor.  As  a  matter  of  fact  it  has  been 
demonstrated  in  [6]  that  the  S  band  represent  a  good  com¬ 
promise  between  the  achievement  of  a  good  penetration 
depth,  needed  for  sounding  purposes,  and  a  negligible  vol- 
lune  scattering  contribution,  which  on  the  contrary  could 
mask  the  surface  echo.  Moreover  the  required  spatial  resolu¬ 
tion  suggests  pulse-limited  altimeter  and  wide  bandwidth 
but,  if  necessary,  the  spatial  resolution  can  be  enhanced  by 
using  synthetic  aperture  approach  via  on-ground  processing. 
Finally  it  must  be  stressed  that  the  estimate  of  any  parameter 
of  the  nucleus  surface  should  be  based  on  the  knowledge  of  a 
model  of  the  radar  received  echo,  which  will  be  shortly  dis¬ 
cussed  in  the  following. 

When  one  considers  an  EM  wave  illuminating  a  surface,  it 
is  well  known  that  the  reflected  power  depends  on  the  dielec¬ 
tric  characteristics  of  the  two  media  and  on  the  surface 
roughness  o^.  The  radar  cross  section  can  be  evaluated  by 
calculating  the  average  power  <rf  the  field  scattered  by  the 
comet  nucleus  at  distance  H 

a=  (<  E,e:  >/|Eif  ]47tH2  =<  E,E:  >  (7) 


where  it  is  assiuned  that  the  incident  field  Ej  is  represented 
by  a  spherical  wave  and  that  the  Kirchoff  approximation  is 
valid  [5].  The  symbol  <A>  in  (7)  stands  for  the  average  value 
of  A.  In  the  case  the  radar  transmits  a  Gaussian  shaped  pulse 
s(t),  whose  variance  is  related  to  the  system  bandwidth  by 
q  «  0.37  /  B ,  the  scattered  field  can  be  expressed  as: 

Es(t)  =  -jJ  -^J  G(P)R(P)^^^e-2j''*^id5ei2"ftdf,  (8) 

where  S(f)  is  the  Fourier  spectrum  associated  to  s(t).  Solu¬ 
tion  of  (7)  leads  to  [8]: 

a  =  r(0)7tH  2  +  r(0)7lH  2  (P„^,  -  P„,2  )  =  (9) 


which  expresses  the  radar  cross  section  as  composed  of  a  co¬ 
herent  plus  two  noncoherent  contributions.  Note  that  in  (9) 
r(0)=|R(P)12  is  the  surface  reflectivity  which  is  equal  to  the 
square  envelope  of  the  Fresnel  reflection  coefficient. 

The  coherent  contribution  in  (9)  is  given  l^: 


P  = - 

°  1  +  F„ 


exp 


(t')2 

exp 

r2(UF„)J 

(10) 


where  FQ=2(a,,/cc^)2  jg  normalized  smface  roughness, 
u=  cCTj  /^f2X  is  the  pulse  duration  normalized  to  the  wave¬ 
length  and  T'=(t-2H/c)/aj  is  the  normalized  time  referred  to 
the  orbit  altitude  H.  If  the  surface  is  very  smooth,  F^  «  1 
and  then,  fi-om  (9)  and  (10)  the  maximum  value  of  the  co¬ 
herent  contribution  (x'=0)  is  given  by  . 

Gg  =  r(0)nH2  exp[-(47ro-,,  /  A.)2] .  (1 1) 
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This  result  agrees  with  that  obtained  for  a  completely  flat 
surface  =  r(0)47c(7iR^2  Fresnel  region  is 

given  by  =  V^H  /  In  and,  then,  cr^=r(0)7cH2  which  co¬ 
incides  with  (11)  evaluated  for  aj^=0. 

The  two  noncoherent  contributions  Pnol  and  fnc2  depend 
on  a  surface  parameter  p  [8]  given  by: 

exp[-(47ru)2  fJ)  .  (12) 


where  the  rms  surface  slope  m  is  related  to  the  surface  corre¬ 
lation  lenght  Ip  by  m  =  /  Ip.  With  reference  to  a  system 

bandwidth  B=400  Mhz  it  is  possible  to  show  that  in  all  the 
envisaged  conditions,  p  «  1  so  that  Pnc2  is  negligible  with 
respect  to  ^nol  [8]  and,  then,  a  satisfactory  approximation  of 
the  behavior  of  the  noncoherent  contribution  to  the  cross 
section  is: 


^f2y|l  +  2F, 


(13) 


On  the  other  hand,  starting  from  the  range  resolution 
rj^=c/2B,  the  groxmd  resolution  in  a  pulse-limited  radar  al¬ 
timeter  is  given  by  Rpj  =  ^Ir^H  =  ^ca^H  /  0.37  and  the  max 
value  of  (13)  becomes: 

(a„p)ma^  “  05r(0)7t(Rpi  /  m)2  =  r(0)7rHrx  /  m^ .  (14) 

Finally,  from  (11)  and  (14)  we  obtain  that  the  coherent-to- 
noncoherent  ratio  is  a  linear  function  of  the  height  H  accord¬ 
ing  to  the  following  relation: 
o  m^ 

— ^  =  H - exp[-(47io'j^  /^)^] .  (15) 

^nc 

The  ratio  in  (15)  is  shown  in  Fig.  1  for  an  altitude  of  1  km.  It 
is  worth  noting  that  for  altitudes  up  to  50  km  and  for  rele¬ 
vant  values  of  the  ratio  ranges  from  -15  to  45  dB. 

The  selection  of  the  pulse  repetition  frequency  (PRF)  is 
dictated  by  the  need  to  decorrelate  consecutive  radar  echoes. 
This  condition  can  be  achieved  if  the  radar  transmit  a  new 
pulse  after  the  platfonn  has  travelled  a  distance  d=k(A.H/Rpi), 
where  k  «  0.3  [2].  In  this  way,  for  a  platform  velocity  v,  we 

obtain:  _  _ 

PRF  =  V  / d  =  (v^2 r^H )  /  (kHA.)  *  4.6(v  /  X)^t^  /  H  (16) 

and,  then,  the  PRF  has  to  be  adapted  according  to  the  dy¬ 
namic  parameters  of  the  orbit  (i.e.  v  and  H).  Integration  of 
consecutive  pulses  allows  to  enhance  the  radiometric  resolu¬ 
tion  at  constant  signal-to-noise  ratio  (SNR).  In  fact,  for  N 
independent  samples,  the  radiometric  resolution  is  given  by: 

R,  =  [i+SNR(Vn  +  1)]/(sNrVn)  (17) 

where  N  can  be  calculated  as  N  =  Rp|  /  d  «  6.5rj^  /  X .  For  the 

proposed  experiment  range  resolution  of  some  tens  of  centi¬ 
meters  and  radiofrequency  in  S-band  allows  to  integrate 


about  20  pulses  so  that  1  dB  of  radiometric  resolution  can  be 
reached  with  only  6  dB  of  SNR. 


SOUNDER  MODE 


In  the  sounding  mode  the  primary  tasks  are  detection  and 
location  of  subsurface  discontinuities  and  estimation  of  the 
first  layer  composition  [9].  Moreover,  secondary  science  ob¬ 
jectives  can  be  pursued  in  sounding  mode  as,  for  example, 
generation  of  comet  nucleus  profile  and  of  surface  images. 
The  S-band  radar  system  is  able  to  perform  these  tasks  as  the 
wavelength  allows  a  good  penetration  depth  provided  that 
the  dielectric  constant  is  not  too  high.  The  interfaces  be¬ 
tween  layers  can  be  detected  by  a  pulsed  radar  provided  that 
its  range  resolution  is  lower  than  the  distance  between  the 
interfaces. 

The  strength  of  the  detected  echoes  is  proportional, 
through  the  main  radar  parameters,  to  the  backscatteriiig 
coefficients  of  surface  and  subsurface.  In  turn  the  backscat- 
tering  coefficients  can  be  modeled  as  the  product  of  the 
Fresnel  reflectivity  R(P)  by  a  term  that  takes  into  account  the 
geometric  contribution  to  the  surface  scattering.  This  last 
contribution  can  be  evaluated  and  removed  from  the  received 
echo  so  that  we  are  able  to  estimate  the  Fresnel  reflectivity. 
For  the  crust  we  can  write 

|roi(p)|=|*-V^I/I*+V^I’ 

where  is  the  crust  permittivity  which  can  be  estimated  by 
inverting  (18): 

8i=(l+|Roi(P)|)7(l-|Roi(P)f  •  (19) 

The  estimation  of  the  permittivity  then  allows  the  identifica¬ 
tion  of  the  crust. 

Similarly,  by  measuring  the  strenght  of  the  second  echo,  it 
is  possible  to  evaluate  the  reflectivity  of  the  discontinuity 
between  crust  and  first  layer  |Rj2(P)P  and,  then,  to  estimate 
the  permittivity  ^2  fi^st  layer. 

Furthermore,  by  measuring  the  time  delay  between  the  first 
and  the  second  received  echo,  it  is  possible  to  estimate  the 
depth  of  the  detected  subsurface  discontinuity,  provided  that 
the  radar  range  resolution  is  good  enough. 

The  sounding  could  become  very  critical  if  the  surface 
roughness  scale  is  greater  than  the  depth  of  the  subsurface 
discontinuity:  in  this  case  a  different  solution  exists  based  on 
the  analysis  of  the  natural  frequencies  of  the  Fresnel  reflec¬ 
tion  coefficient  of  stratified  structures.  In  fact,  it  is  well 
known  that  the  reflection  coefficient  of  a  two  layers  structure 
is  a  function  of  the  frequency,  according  to: 


Rqi  +Ri2  exp(j27i.^^fd/c) 
1+RqjRj2  exp(j27i.^fd/c) 


(20) 


where  d  is  the  depth  of  the  first  layer.  The  frequency  dis¬ 
placement  Af  between  two  peaks  of  the  function  R(f)  is  line- 
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arly  related  to  the  discontinuity  depth  through  the  relation 
d  =  c/2Af.^.  Moreover,  we  can  also  measure  the  maxi¬ 
mum  Rj^  and  the  minimum  Rj„  values  of  |R(f)|  with  respect 
to  the  frequency;  then,  the  solution  of  the  inverse  problem 
allows  to  estimate  the  permittivities  of  the  crust  (cj)  and  of 
the  first  layer  (Sj): 

82  =(i  +  Rni)  /(1”Rm)  > 

For  istance,  if  d=l  m  and  8j=2,  the  frequency  displacement 
Af  is  in  the  order  of  100  MHz,  which  is  well  within  the 
bandwidth  of  the  proposed  system. 

HARDWARE  CONSTRAINTS 

The  design  of  the  ROME  instrument  has  been  performed 
such  that  a  simple  and  reliable  electronics  is  involved.  The 
main  characteristics  of  the  sensor  are  summarized  in  the 
following  Table  1. 


Table  1 


Active  mode 

Passive  mode 

frequency 

2.3  GHz 

2.3  &  8.4  GHz 

T  measur.  accuracy 

IK 

T  measur.  resolution 

0.3  K 

spatial  resolution 

60  m  @  1  km 
(PL  mode) 

200  m  @  1  km 

bandwidth 

400  MHz 

100  MHz 

dyn.  range  @  1  km 

-35-11  dB 

data  rate 

0.3  kbit/sec  1 

The  hardware  has  been  distributed  in  4  boxes  with  the  fol¬ 
lowing  figures  (see  Table  2). 


Table  2 


PSU 

200x100x35  mm 

0.8  kg 

2.9  w 

RAD+TRU+RXU 

150x130x40  mm 

0.9  kg 

3.1  w 

APU+DCF+ICU 

230x160x48  mm 

2.0  kg 

6.0  w 

FGU-^DSG+ 

UCU+SSPA 

230x160x35  mm 

i.5kg 

7.5  w 

TOTAL 

5.2  kg 

19.5  w 

The  antenna  could  be  a  dual  frequency  array  or  a  stacked  ar¬ 
ray  with  dedicated  dual  frequency  elements:  the  mass  should 
be  in  the  order  of  2.5  kg,  the  size  700x700x10  mm. 
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ABSTRACT 

This  paper  presents  different  summations  which  are  used  to 
produce  a  multi-look  intensity  image.  These  summations  are 
more  optimal  in  term  of  radiometric  resolution  improvement 
than  the  classical  incoherent  summation.  Comparisons  and 
results  concerning  the  radiometric  resolution  and  geometrical 
quality  are  presented  here. 

INTRODUCTION 

Because  of  the  speckle  noise  which  is  responsible  of  the 
granular  appearance  of  Synthetic  Aperture  Radar  (SAR) 
images,  it  is  necessary  to  reduce  the  variance  of  the  signal. 
One  of  the  various  ways  to  smooth  SAR  images  consists  in 
producing  multi-look  intensity  image.  A  multi-look  intensity 
image  results  in  the  incoherent  summation  of  several  looks. 
The  summation  is  generally  done  in  the  spectral  image 
domain  but  it  can  be  performed  in  the  spatial  domain.  Hence, 
the  multi-look  summation  is  equivalent  to  a  spatial  averaging. 
Consequently,  a  spatial  degradation  occurs  by  multi-look 
processing.  The  speckle  noise  reduction  is  proportional  to  the 
number  of  summed  samples  (i.e.  the  number  of  separate 
looks). 

It  is  possible  to  use  different  methods  to  sum  the  separate 
complex  looks.  Optimal  Weighted  Intensity  Summation 
(WIS),  which  has  been  already  presented  [1],  takes  into 
account  the  correlation  of  the  separate  looks.  The  Whitening 
Filter  (WF)  was  initially  presented  by  Novak  and  Burl  [2]  for 
polarimetric  data.  It  has  been  successfully  adapted  to  multi¬ 
channel  images  [3].  It  consists  in  an  optimal  complex 
summation  of  L  channels. 

We  propose  in  this  paper  to  use  these  optimal  summations 
to  perform  multi-look  intensity  images.  Comparisons  with  the 
classical  incoherent  summation  will  be  presented  in  terms  of 
compromise  between  radiometric  resolution  improvement  and 
spatial  degradation. 

DESCRIPTION  OF  THE  SUMMATIONS 

1  -  Intensity  Summation  (IS) 

The  classical  intensity  summation  is  expressed  by 


i  =  l 


where  y  is  the  complex  sample  of  look  number  i,  L  is  the 
number  of  separate  looks  and  i  is  the  look  index. 

The  radiometric  improvement  involved  by  the  IS  depends 
on  the  correlation  between  the  looks.  If  we  supposed  that  the 
separate  looks  have  the  same  energy  (i.e.  the  same 
radiometric  level),  the  Equivalent  Number  of  Look  (ENL)  is 
given  by 

ENL  =  -— (2) 

i+fS  IPij 

t-  i=i  j=i  +  i 

where  pjj  is  the  intensity  correlation  between  look  number  i 
and  look  number  j . 

2  -  Weighted  Intensity  Summation  (WIS) 

This  summation  has  been  firstly  presented  by  Brooks  and 
Miller  [1]  for  separate  looks.  It  has  been  adapted  and  applied 
to  multi-channel  data  [3][4].  This  summation  is  very  similar 
to  the  IS  except  that  each  channel  is  weighted  by  a 
coefficient.  Then  we  have 

1  ^ 

Zwis  =  L  Z  G) 

i=:l 

where  the  weighted  coefficients  aj  follow  the  constraint 

L 

=  1 .  It  has  been  shown  that  there  are  several  ways  to 

i=l 

calculate  the  a’s  [3].  In  the  case  of  producing  a  multi-look 
intensity  image,  it  seems  to  be  optimal  to  estimate  the 
weighted  coefficients  by  minimizing  the  variance  of  the 
estimator  z^is-  In  that  case,  they  are  solution  of  the  following 
linear  system 

i«j=i 

■  •'['  (4) 

Iaj(pij-Plj)  =  0  i  =  2,...,L 
J=' 

Hence,  the  a’s  depend  on  look  correlation. 
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Concerning  the  ENL,  we  can  show  that  we  have 

enl=-l - - - 

Xaf  +  2XajakPjk 
i=i  j.k 
j<k 

3  -  Whitening  Filter  (WF) 

Initially  presented  by  Novak  and  Burl  for  polarimetric  data 
[2],  the  WF  consists  in  a  transformation  of  the  coordinate 
system  that  will  make  the  covariance  matrix  equal  to  I 
(identity  matrix).  Actually,  the  Whitening  Transformation 
decorrelates  and  compensates  the  radiometric  differences  of 
the  complex  samples  [5].  Then,  the  summation  can  be 
optimally  performed  in  term  of  radiometric  resolution.  The 
equation  of  the  WF  is  given  by 

Zwf=‘Y*Cy''y  (6) 

where  Y=*[yi,y2,--',yL].  Cy  is  the  covariance  matrix 
expressed  by  E[^Y.*Y*j.  In  that  case,  the  radiometric 

resolution  improvement  is  optimal  and  we  have 

ENL  =  L  (7) 

Moreover,  we  can  prove  that  the  intensity  image  obtained 
by  the  WF  is  strictly  Gamma-distributed,  which  is  not  the 
case,  in  general,  with  the  IS  or  WIS. 

OBJECTIVES  OF  THE  STUDY 

In  general,  the  multi-look  processing  is  done  in  the 
azimuthal  dimension,  i.e.  the  Doppler  spectrum  is  divided 
into  L  parts.  There  are  several  ways  to  extract  the  separate 
looks,  which  can  be  efficiently  weighted  before  to  be 
summed.  This  study  concerning  the  choice  of  the  weighting 
functions  has  already  been  done  [I] [6].  In  this  paper,  we  used 
gate,  gaussian  and  Taylor  functions.  Examples  are  given  in 
Fig.l  and  Fig.2  in  the  case  of  3  separate  looks.  In  Fig.l,  the  3 
looks  are  uncorrelated  while  in  Fig.2,  they  are  strongly 
correlated. 

The  various  summations  previously  presented  are  applied 
to  produce  multi-look  intensity  image.  In  general,  the  most 
largely  used  summation  is  the  IS.  In  this  paper,  we  try  to 
estimate  if  the  WIS  and  the  WF  summations  are  able  to  be 
better  than  the  IS  in  term  of  compromise  between  the 
geometrical  and  the  radiometric  resolutions. 


Figure  1  -  Uncorrelated  separate  looks  obtained  from  the 
Doppler  Spectrum 


Figure  2  -  Correlated  separate  looks  obtained  from  the 
Doppler  spectrum 


RESULTS 


The  data  on  which  the  summations  were  tested  were 
obtained  by  the  LOCOS AR  simulator  [7].  LOCOS AR  is  an 
end-to-end  spaceborne  SAR  image  simulator  developed  by 
Alcatel  Espace  for  French  DoD  (DME/CELAR).  It  performs 
the  simulation  of  the  SAR  raw  data  and  synthetic  aperture 
processing. 


1  -  Radiometric  resolution 


The  assessment  of  radiometric  resolution  is  done  through 
the  use  of  the  coefficient  of  variation  which  is  directly  related 
to  the  ENL 


var(z) 

c. 


1 


(8) 

E"[z]  ENL 

The  estimation  of  Cz  is  done  over  a  50x50  pixels 
homogeneous  area.  The  presented  results  has  been  obtained 


with  3  separate  looks. 

As  the  correlation  between  the  separate  looks  grows,  the 
ENL  of  the  IS  decreases.  The  result  obtained  with  the  WIS  is 
slightly  better  than  the  IS  one.  Finally,  the  WF  allows  us  to 
obtain  an  optimal  ENL,  as  predicted  by  theoretical  study. 


Look 

correlation 

Intensity 

Summation 

Weighted 

Intensity 

Summation 

Whitening 

Filter 

Pl2  “  ^ 

Pi3=0 

P23  ”  ^ 

2.95 

2.96 

2.97 

P12  =0.48 
p,3  =  0.05 

P23  =  0.48 

2.35 

2.4 

2.95 

P12  “ 

Pi3  ==  0-96 
P23  “  0.99 

1.05 

1.3 

3 

Table  1  -  ENL  obtained  by  the  3  summations  for  various  look 
correlation 
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Weighting 

functions 

Look 

Correlations 

Strong  Scatterers 

Gaussian  clutter 

3  dB  beamwidth 

Width  normalised  by  the 
initial  SLC  3  dB  beamwidth 

PSLR  IdB) 

Correlation  length  normalised  by 
the  initial  SLC  correlation  length 

Pl2  -  ^ 

IS :  2.6 

IS  : 

-13 

IS :  2.5 

Pl3  =  ^ 

WIS  :  2.6 

WIS: 

-13 

WIS  :  2.5 

P23  =  0 

WF:  2.6 

WF: 

-13 

WF:  2.5 

Pj2  =  0.48 

IS:  2.1 

IS  : 

-32 

IS :  2.6 

Gaussian 

WIS:  2.1 

WIS: 

-32 

WIS  :  2.6 

P23  =  0.48 

WF:  3.6 

WF: 

-27 

WF:  3.6 

P,2=0.99 

IS:  1.05 

IS  : 

-27 

IS:  1.0 

Taylor 

p,3  =  0.96 

WIS:  1.05 

WIS: 

-32 

WIS  :  1.2 

P23  =0.99 

WF:  2.8 

WF: 

-15 

WF:  2.6 

Table  2  -  Estimation  of  the  geometrical  degradation  involved  by  the  different  summations 


Hence,  the  WF  permits  to  sum  looks  which  occupy  large 
spectral  band.  These  large  looks  are  strongly  correlated  as 
shown  in  the  last  line  of  Table  1. 

2  -  Geometrical  Quality 

The  geometrical  quality  is  estimated  both  on  a  strong 
scatterer  through  3  dB  beamwidth  and  Peak  Side  Lobe  Ratio 
(PSLR)  and  on  a  gaussian  clutter  through  the  autocorrelation 
coefficient  function  given  by 

|p(Ax,Ad)p  =ENL.[G,(Ax,Ad)-l]  (9) 

where  Gj  is  the  intensity  autocorrelation  function,  x  and  d  are 
respectively  the  range  and  azimuth  dimensions,  A  represents 
the  spatial  variation. 

The  main  results  are  given  in  Table  2.  It  can  be  seen  that 
the  WF  is  not  optimal  in  term  of  geometrical  quality,  since  the 

3  dB  beamwidth  grows  as  the  looks  correlation  increases.  The 
IS  and  WIS  give  very  similar  results. 

CONCLUSION 

Three  different  summations  have  been  briefly  presented. 
Two  of  these  are  incoherent  summations  (IS  and  WIS)  while 
the  third  one  is  a  coherent  summation  (WF).  These 
summations  are  able  to  sum  separate  looks  to  produce 
intensity  multi-look  images. 

We  have  shown  that  the  coherent  summation  (WF)  is 
effectively  optimal  in  term  of  radiometric  resolution 
enhancement,  even  if  the  correlation  between  the  separate 
looks  is  very  high.  That  is  why  we  intended  to  use  it  to 
increase  the  trade-off  between  the  radiometric  resolution 
improvement  and  the  geometrical  resolution  degradation. 


The  complete  study  has  shown  that  the  WF  degrades  the 

spatial  resolution,  i.e.  it  is  not  able  to  increase  the 

compromise  radiometric/geometrical  resolutions. 
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Abstract  -  In  order  to  determine  some  spectral  wavelength 
specifications  of  the  Global  Imager  (GLI),  the  GLI  sensor  team’s 
Technical  Support  Group  (TCSG)  has  performed  many 
experimental  calculations.  An  advanced  accurate  and  efficient 
radiative  transfer  scheme  called  GLI  Signal  Simulator  (GSS) 
was  used  for  these  experiments.  These  calculations  were  applied 
to  the  3.7  |im  band  and  6.7  to  7.5  |im  band  to  determine  the 
central  wavelength  and/or  bandwidth  of  each  channel. 

The  results  show  that  3.7  |Lim  is  better  than  3.9  |im  to  estimate 
nighttime  sea  surface  temperature  and  to  determine  cloud 
particle  size;  the  combination  of  6.7  |im,  7.3  jiim  and  7.5  pm  is 
the  best  choice  for  water  vapor  profiling. 


INTRODUCTION 

The  National  Space  Development  Agency  of  Japan 
(NASDA)  is  planning  to  have  a  new  spaceborne  multispectral 
radiometer  named  Global  Imager  (GLI).  The  GLI  will  be  flown 
aboard  the  Advanced  Earth  Observing  Satellite  II  (ADEOS-II) 
polar  orbiter  that  will  be  launched  by  H-II  rocket  in  Feb.  1999. 
The  GLI  will  be  equipped  with  36  spectral  channels  from  visible 
to  infrared  wavelengths.  The  spectral  wavelength  of  each 
channel  must  be  optimized  to  the  mission  objectives  to  obtain 
desired  volume  of  targets  and/or  phenomenon  The  radiation 
transfer  calculation  techniques  have  been  gradually  developing, 
predictive  simulations  calculations  of  the  observed  radiance  or 
brightness  temperatures  have  become  possible.  Thus,  it  is  very 
important  to  confirm  the  possibility  of  using  remotesensing  for 
several  targets  before  launching  by  using  the  radiation  transfer 
calculations. 

To  determine  some  spectral  wavelength  specifications  of  the 
GLI,  the  GLI  sensor  team’s  Technical  Support  Group  (TCSG) 
has  performed  many  experimental  calculations,  using  the  GLI 
Signal  Simulator  (GSS).  GSS  is  based  on  an  accurate  and 
efficient  radiative  transfer  scheme  named  '*rstar”  [1]  [2]  with 
LOWTRAN7’s  [3]  atmospheric  models.  These  calculations  were 
applied  to  the  3.7  |im  band  and  6.7  to  7.5  |im  band  to  determine 
the  central  wavelength  and/or  bandwidth  of  each  channel.  It 
must  be  noticed  that  scientific  requirements,  engineering 
requirements  (sometimes  they  are  limitations)  and  historical 


requirements  (continuation  to  the  previous  sensors)  must  be 
considered  in  channel  design  specifications. 

EXPERIMENTAL  CALCULATIONS 

A.  3.7  IM  atmospheric  window  band  issue 

Historically,  the  NOAA/Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  and  the  GOES/VISSR  Atmospheric 
Sounder  (VAS)  have  respectively  used  3.75  |im  and  3.95  |im 
channels  in  the  infrared  atmospheric  window  band.  To  ensure 
a  good  Signal  to  Noise  Ratio  (SNR),  the  GLI’s  3.7  |xm  band 
will  have  0.33  p,m  bandwidth,  the  same  as  that  of  the  NASDA’ s 
previous  ocean  color  sensor,  the  ADEOS/Ocean  Color  and 
Temperature  Scanner  (OCTS),  which  has  a  3.715  |im  channel 
and  will  be  launched  in  the  summer  of  1996.  This  atmospheric 
window  band  has  been  utilized  to  estimate  sea  surface 
temperature  (SST)  during  the  nighttime  [4]  and  cloud  particle 
size  during  the  daytime  [5]. 

For  the  former  case,  the  measured  radiance  at  a  certain 
channel  should  exclude  thermal  radiation  components  emitted 
from  atmospheric  layers  as  much  as  possible.  Transmittance  at 
shorter  wavelengths  is  smaller  than  that  at  longer  wavelengths 
because  of  the  relatively  optically  thick  water  vapor  over 
boundary  layer.  Figure  1  illustrates  the  model  surface 
temperature  minus  simulated  brightness  temperatures  (Tg-Tbb) 
for  each  model  atmosphere  and  central  wavelength  of  the 
expected  GLI  sensor  responses  with  bandwidths  of  each 
wavelength  set  to  0.33  |im.  In  Fig.  1,  wavelengths  exceeding 
3.8  |xm  will  be  unsuitable  for  the  SST  estimation  with  0.33  [xm 
bandwidth  because  of  the  relatively  larger  Tg-Tbb.  At  the  short 
wavelengths,  thermal  emission  from  surface  and  the  optically 
thick  water  vapor  layer  makes  measured  brightness  temperatures 
large.  In  contrast,  at  the  long  wavelengths,  thermal  emission 
from  surface  is  reduced  by  N2  gaseous  absorption  located  in  a 
relatively  higher  layer  than  H20.  Figure  2  illustrates  the 
weighting  functions  (WF)  of  wavelength  from  3.5  (im  to  4.1 
|im.  These  weighting  functions  indicate  +10K  temperature 
sensitivities  of  the  measured  brightness  temperatures.  We  can 
find  that  the  upper  layer  contributions  to  the  brightness 
temperature  are  stronger  at  long  wavelengths  than  at  short 
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wavelengths.  This  means  that  radiation  in  upper  layer  must  be 
corrected  more  severely  and  carefully  to  estimate  SST  with  long 
wavelengths.  In  contrast,  at  short  wavelengths,  the  magnitude 
of  the  weighting  functions  are  smaller  and  the  shapes  of  the 
weighting  functions  are  shifted  to  lower  layers.  Fig.2  shows 
that  the  weighting  function  around  3.65  |xm,  at  which 
wavelength  the  brightness  temperature  is  closest  to  the 
corresponding  model  surface  temperatures,  is  minimum.  Almost 
the  same  features  are  obtained  by  other  atmospheric  models. 
This  feature  makes  it  easy  to  estimate  SST  by  using  this 
wavelength. 

To  utilize  of  this  band  for  cloud  particle  size  retrieval,  the 
sensitivity  of  the  measured  radiance  in  this  band  strongly 
depends  on  transmittances  above  the  cloud  top.  Figure  3 
illustrates  the  sensitivity  for  cloud  particle  effective  radius  . 
We  can  confirm  from  Fig.  4  that  the  maximum  values  of  radaince 
and  the  difference  between  maximum  and  minimum  both  occur 
in  3.6  to  3.7  |Xm  wavelength  region.  This  indicates  that  this 
wavelength  region  is  strong  sensitive  to  cloud  particles. 

C.  6. 7  -  7.5  flm  water  vapor  band  issue 

Two  or  three  wavelengths  from  the  6.7  to  7.5  ^im  water  vapor 
band  are  very  common  by  used  to  obtain  water  vapor  profile 
indices.  Our  main  aim  is  to  observe  water  vapor  profiles  over 
as  wide  a  distance  area  and  as  low  a  height  as  possible.  GOES/ 
VAS  has  used  6.7  |Lim  and  7.3  ^im;  NIMBUS/Coastal  Zone  Color 
Scanner  (CZCS),  6.7  p,m  and  7.5  p,m;  Sea  Wide  Field  Sensor 
(SeaWiFS)  6.7  jim  and  7.6  jim;  and  EOS/Moderate  Resolution 
Imaging  Spectrometer  (MODIS)  6.7  pm  and  7.3  |Lim.  Figure  4 
illustrates  the  weighting  functions  of  6.7  pm,  7.0  |xm,  7.3  |Xm 
and  7.5  ^im  obtained  by  10%  H20  addition  for  each  layer.  Since 
these  weighting  function  should  be  as  evenly  spared  to  obtain 
water  vapor  profiles,  this  combination  will  be  very  effective 
for  achieving  our  purposes.  However,  restrictions  on  total 


Brightness  Temperature 
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Fig.  1.  Brigtness  temperature  spectrum 


satellite  weight  and  electricity  supply  make  it  difficult  to  have 
four  or  more  channels.  Therefore,  we  have  to  chose  three  of  the 
four  different  channels  to  obtain  the  most  appropriate 
combination  of  channels  for  our  purposes.  We  find  that  the  peak 
height  gradually  decreases  with  wavelength  increasing.  In  order 
to  determine  water  vapor  profiles  over  a  wide  area  at  low  heights, 
6.7  |Lim  and  7.5  pm  will  be  chosen.  Since  the  weighting  functions 
of  7.0  |Lim  sometimes  are  very  similar  to  that  of  6.7  M,m  with 
another  atmospheric  models,  the  7.3  jxm  seems  the  most 
reasonable  choice  for  the  other  channel.  Therefore,  we  chose 
6.7  )im,  7.3  |im  and  7.5  |i,m  for  the  most  appropriate 
combination. 


CONCLUDING  REMARKS 

It  is  generally  difficult  to  determine  which  wavelength  is  the 
best  choice  for  the  sensors  because  they  have  various  purposes 
and  sometime  the  primary  purposes  are  differs.  The  choice 
sometimes  strongly  depends  on  historical  uses  and  the  existence 
of  support  channels. 

As  mentioned  in  the  previous  section,  the  previous  sensors 
have  employed  3.7  pm  or  3.9  |xm  wavelengths  in  this  infrared 
atmospheric  window  band.  We  concluded  that  3.715  |im  is  the 
best  choice  for  the  GLI  sensor  for  the  reasons  below. 

(1)  The  3.6  to  3.7  p.m  wavelength  region  is  suitable  for 
estimating  SST  at  nighttime,  because  of  the  small  differences 
between  model  SST  and  expected  measured  brightness 
temperature  Tbb  and  because  of  the  small  sensitivities  of  Tbb 
caused  by  the  change  of  the  atmospheric  layer  temperatures. 

(2)  The  3.7  fim  wavelength  is  suitable  for  estimating  cloud 
particle  sizes  at  daytime,  because  it  has  the  largest  expected 
measured  radiance  and  sensitivities  for  the  effective  radius. 

(3)  NASDA’s  ocean  color  sensor  ADEOS/OCTS  employs  3.715 


+10K  Sensitivity  for  Each  Layers 
(U.S.  Standard  Atmos.) 


Fig.  2.  Weighting  function  of  3.7|im  band 
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Sensitivity  for  Cloud  Particle  Sizes 
(U.  S.  Standard  Atmos.  Model) 


1.1  X  H20  Sensitivity  for  Each  Layers 
(U.S.  Standard  Atmos.) 


Fig.  3.  Sensitivity  for  cloud  particle  sizes 


]xm  with  a  bandwidth  of  0.33  |xm.  The  advantage  of  the  3.6  |Lini 
or  3.65  \im  wavelength  is  minimal,  and  we  can’t  find  sufficient 
reason  to  choose  3.6  pm  or  3.65  pm  instead  of  3.715  pm. 

We  chose  three  of  four  different  channels  from  the  6.7  pm 
to  7.5  pm  water  vapor  absorption  band  to  obtain  the  optimum 
combination  of  channels  suitable  for  our  purposes.  We 
concluded  that  the  combination  of  the  6.7  pm,  7.3  pm  and  7.5 
pm  wavelengths  is  the  optimum  for  our  primary  purpose  for 
the  reasons  below. 

(1)  Main  purpose  is  to  observe  water  vapor  profile  over  as  wide 
as  area  and  as  low  a  height  as  possible. 

(2)  The  peak  height  gradually  decreases  with  wavelength 
increasing.  The  weighting  functions  of  7.0  pm  sometimes  are 
very  similar  to  that  of  6.7  pm  for  other  atmospheric  models. 

(3)  Most  previous  sensors  employed  a  6.7  pm  channel. 

(4)  The  combination  of  6.7  pm,  7.3  pm  and  7.5  pm  is  evenly 
spared  each  other. 
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Abstract  -  CO,  differential  absorption  lidar  (DIAL) 
performance  can  be  adversely  affected  by  the  ambient 
atmosphere  between  the  laser  transmitter  and  the  target 
through  a  number  of  different  processes.  This  work 
addresses  two  sources  of  atmospheric  interference  with  multi- 
spectral  CO,  DIAL  measurements:  effects  due  to  beam 
propagation  through  atmospheric  turbulence  and  extinction 
due  to  absorption  by  atmospheric  gases.  We  compare 
measurements  of  the  effective  beam  size  after  propagation  to 
predictions  from  a  beam  propagation  model  that  includes 
turbulence  effects  such  as  beam  steering  and  beam  spreading. 
We  also  compare  the  experimental  measurements  of 
atmospheric  extinction  to  those  predicted  by  both  a  standard 
atmospheric  transmission  model  (FASCODE)  and  a 
chemometric  analysis. 

INTRODUCTION 

CO2  differential  absorption  lidar  is  an  important  remote 
sensing  technique  and  has  been  used  for  a  variety  of 
applications  including  chemical  effluent  detection, 
geophysical  structure  identification,  and  monitoring  of 
meteorological  phenomena.  Various  studies  have  utilized 
ground  and  airborne  based  systems.  Three  primary  factors 
contribute  to  the  popularity  of  CO2  laser  based  LIDAR 
systems:  (1)  commercial  availability,  (2)  operation  in  a 
spectral  "atmospheric  window",  and  (3)  operation  in  a 
"spectral  fingerprint"  region  for  many  chemicals.  The 
relatively  mature  laser  technology  available  from  commercial 
CO2  systems  is  a  major  advantage  for  using  CO2  laser  based 
lidar.  A  variety  of  output  formats  (CW-lOOkHz,  kW  average 
power,  lOO’s  kW  peak  powers)  are  commercially  available, 
unlike  many  other  laser  technologies.  A  second  advantage  is 
the  relative  transparency  of  the  atmosphere  in  the  CO2 
spectral  region  allowing  long  range  operation  with  modest 
laser  energy.  This  reduces  power  and  size  requirements  as 
compared  to  other  laser  technologies.  The  third  important 
factor  is  the  broad  tunability  (9-1 1  pm)  available  in  a  spectral 
region  where  numerous  materials  exhibit  characteristic 
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"fingerprint"  spectral  signatures.  This  becomes  especially 
important  in  applications  where  identification  of  numerous 
components  is  important. 

A  number  of  issues  must  be  considered  as  part  of  the 
design  and  characterization  of  a  CO2  LIDAR  system  for  any 
application.  Here  we  will  address  issues  associated  with 
atmospheric  effects  that  influence  both  any  CO2  DIAL 
application  and  those  specific  to  applications  involving  multi- 
spectral  DIAL  from  hard  targets.  In  multi-spectral  DIAL, 
several  different  wavelengths  are  used  in  the  measurement 
rather  than  just  two  as  in  typical  DIAL  systems.  The  spectral 
fingerprint  of  the  material  of  interest,  either  the  ground  in 
geophysical  measurements  or  the  chemicals  present  in  a 
pollution  monitoring  system,  will  be  imprinted  in  the  spectral 
characteristics  of  the  signal  return.  A  large  number  of 
wavelengths  are  necessary  for  systems  required  to  perform  a 
multiple  component  chemometric  analysis.  This  need 
introduces  additional  system  complexity.  It  is  necessary  to 
identify  and  investigate  atmospheric  effects  that  could 
adversely  effect  its  performance  before  such  a  system  can  be 
utilized  effectively. 

MODEL 

The  CO2  DIAL  model  used  here  is  described  in  detail  in  [1]. 
Only  a  brief  overview  is  given  here.  The  complete  model 
contains  the  entire  DIAL  system:  transmitter,  ambient 
atmosphere,  hard  target,  and  receiver.  In  the  transmitter 
portion  of  the  model,  information  about  the  spatial,  spectral, 
and  temporal  characteristics  of  the  laser  and  optical  system  is 
used  to  model  the  characteristics  of  the  energy  output  of  the 
system.  The  receiver  portion  uses  similar  information  about 
the  detector  and  receiving  optics  to  predict  the  signal  return 
strength.  A  model  of  the  field  conditions  which  includes  the 
effects  of  atmospheric  turbulence,  molecular  and  aerosol 
absorption  and  scattering,  target  spectral  response,  and 
speckle  on  the  signal  return  connect  the  transmitter  and 
receiver  hardware  sections  of  the  model.  The  final  output  of 
the  model  is  reported  as  a  signal-to-noise  ratio  (SNR)  for  each 
wavelength  used.  Detailed  descriptions  of  the  sections  of  the 
model  that  predict  atmospheric  propagation  through 
turbulence  can  be  found  in  [2,3]  while  a  description  of  the 
standard  codes  (FASCODE  and  HITRAN)  for  calculating 


393 


spectra!  variation  in  atmospheric  transmission  can  be  found  in 
[4-8]. 

In  addition  to  the  standard  codes  for  modeling  atmospheric 
transmission,  we  have  also  used  a  partial  least  squares 
chemometric  analysis  to  ’Til"  the  transmission  data.  This 
technique  is  often  used  to  identify  and  quantify  components  in 
a  complex  mixture.  A  commercial  software  package, 
Grams386/PLSPlus  from  Galactic  Industries,  was  used.  The 
model  was  trained  with  spectra  for  carbon  dioxide,  ozone,  and 
water  vapor  generated  using  FASCODE.  In  our  analysis,  the 
important  result  is  the  spectral  residual  not  the  concentrations 
of  the  atmospheric  constituents.  The  ability  to  correct  for 
atmospheric  transmission  using  a  partial  least  squares  type 
chemometric  analysis  would  be  extremely  useful  in  situations 
where  background  transmission  spectra  cannot  be  collected 
for  reference  purposes. 

RESULTS  AND  DISCUSSION 

A  detailed  description  of  the  DIAL  system  used  for  these 
measurements  can  be  found  in  [9].  The  measurements  were 
conducted  over  a  4  week  period  and  performed  over  terrain 
consisting  of  both  desert  scrub  and  dry  lake  bed.  The 
atmospheric  temperature  varied  from  32-40  C  and  the  relative 
humidity  from  3-15%. 

Atmospheric  Turbulence  Effects 

The  relative  increase  in  beam  diameter  with  turbulence  for 
two  initial  beam  divergences  are  shown  in  Fig.  1.  As 
predicted  by  the  model,  smaller  initial  beam  divergences  are 
affected  much  more  by  atmospheric  turbulence  than  larger 
initial  beam  divergences.  While  the  larger  divergence  beam 
shows  little  variation  in  relative  size  with  turbulence,  the 
smaller  initial  divergence  beam  shows  a  >50%  increase  at 
higher  levels  of  turbulence. 

Concentrating  on  the  results  with  the  smallest  initial  beam 
divergence  used,  0.190  mrad,  we  can  examine  how  well  the 
measurements  correspond  to  model  predictions.  The  best 
comparison  between  the  model  and  experiment  results  when 
using  the  Gaussian  beam  limit  for  calculating  the  transverse 
coherence  length.  This  is  not  surprising  considering  the 
geometry  of  our  system  and  the  general  Gaussian  shape  of  our 
beam.  We  have  calculated  the  Rayleigh  range  for  our  system 
to  be  approximately  1.5  km.  At  3.39  km  to  the  target,  we  are 
at  a  range  of  approximately  twice  the  Rayleigh  range.  This  is 
an  intermediate  range  where  neither  the  plane-wave  or 
spherical- wave  approximations  are  accurate.  From  the  model 
results,  it  is  apparent  that  at  longer  ranges  or  higher 
turbulence  levels,  the  results  of  the  Gaussian  and  spherical 
wave  forms  for  the  transverse  coherence  length  converge, 
while  at  shorter  ranges  or  lower  turbulence  levels,  the 
Gaussian  and  plane  wave  forms  converge. 

An  important  caveat  to  these  results,  however,  is  the 
uncertainty  in  C/  measurements.  There  are  large  uncertainties 
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Figure  1.  Comparison  of  propagation  measurements  and 
model  predictions  for  different  divergences  -  3.39  km. 


associated  with  any  measurement  of  Both  point  probe 
and  optical  scintillometer  measurements  have  limitations.  The 
•point  probes  were  located  near  the  trailer.  They  accurately 
measure  (+/-  25%)  but  give  only  localized  measurements. 
Any  spatial  variations  of  C„^  along  the  beam  are  not 
monitored.  Even  though  the  Lockheed  scintillometer  does 
perform  a  spatially  averaged  measurement  of  the  optical 
turbulence,  it  only  samples  a  portion  of  the  beam  path.  When 
the  uncertainty  in  these  measurements  and  the  similarity  in 
the  results  of  the  three  different  methods  of  calculating  the 
transverse  coherence  length  are  considered,  it  is  not  possible 
to  specify  which  method  of  calculating  the  transverse 
coherence  length  is  most  accurate. 

Atmospheric  Transmission 

Fig.  2  shows  results  of  one  of  our  measurements  of  the 
relative  absorption  coefficient  vs.  wavelength  to  those 
predicted  by  FASCODE  using  HITRAN  and  by  the 
chemometric  analysis.  The  data  has  been  normalized  such  that 
the  results  are  relative  to  the  absorption  coefficient  of  the 
10P28  line  and  do  not  represent  absolute  values  of  the 
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Figure  2.  Comparison  of  FASCODE  and  chemometric  fitting 
to  measured  relative  atmospheric  absorption  coefficients. 

absorption  coefficient.  Good  agreement  is  found  in  the  9-1 1 
|im  region  with  generally  less  than  a  0.02  km"'  difference 
between  the  predicted  and  measured  values  (slightly  larger 
errors,  up  to  0.04  km'*,  appear  in  some  measurements). 

Ignoring  the  10R20  and  the  9R12  lines  (lines  with  strong 
water  vapor  absorption  and  known  discrepancies  with  the 
HITRAN  database  [10])  the  standard  deviation  of  the 
difference  between  measured  and  predicted  values  across  the 
spectrum  for  the  FASCODE  model  is  5.0  x  10  '^  km  *  while 
for  the  chemometric  analysis  it  is  5.8  x  10'^  km  *.  The 
spectral  residual  for  the  chemometric  analysis  is  as  small  as 
the  that  from  the  FASCODE  run.  This  implies  that  the  three 
constituents  used  in  the  analysis,  carbon  dioxide,  ozone  and 
water  vapor,  provide  adequate  information  to  determine  the 
atmospheric  transmission.  Additionally,  this  result  indicates 
that  it  may  be  possible  to  use  these  three  constituents  as 
additional  factors  in  a  full  chemometric  analysis  of  spectral 
data  with  additional  information  from  a  target  imprinted  on  it 
to  correct  for  the  atmospheric  transmission  without  using  a 
prior  background  scan.  The  spectral  residual  is  a  measure  of 
the  sensitivity  of  a  multi-wavelength  DIAL  system.  If  a 
separate  background  scan  cannot  be  obtained,  only  those 
variations  in  absorption  coefficient  larger  than  the  spectral 
residual  can  be  attributed  to  effects  other  than  atmospheric 
absorption 

CONCLUSIONS 

We  have  shown  reasonable  agreement  between  our  CO2 
DIAL  model  and  our  experimental  results.  The  model 
accurately  simulates  measurements  of  beam  size  after 
propagating  through  high  levels  of  atmospheric  turbulence. 


For  an  initially  small  beam  divergence,  the  data  closely 
matches  the  model  prediction.  Our  atmospheric  transmission 
results  also  agree  with  the  model.  The  relative  absorption 
coefficients  for  atmospheric  transmission  are  simulated  quite 
accurately  (to  better  than  0.01  km'*)  over  a  broad  spectral 
range.  The  results  of  the  chemometric  analysis  indicate  that 
this  method  performs  as  well  as  the  full  FASCODE  modeling 
and  may  lead  to  a  method  for  correcting  for  atmospheric 
transmission  without  requiring  a  prior  background  scan. 
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ABSTRACT 

Automatic  detection  and  recognition  of  targets  by 
means  of  passive  IR  sensors  suffer  from  limitations  due  to 
lack  of  sufficient  contrast  between  the  targets  and  their 
background  ,  and  among  the  facets  of  a  target. 

In  this  paper  the  results  of  a  suite  of  polarization- 
sensitive  automatic  target  detection  and  recognition 
algorithms  on  sets  of  simulated  and  real  polarimetric  IR 
imagery  are  presented.  A  custom  designed  Polarimetric  IR 
(PIR)  imaging  sensor  is  used  for  collecting  real  polarimetric 
target  data  under  a  variety  of  conditions.  Then  a  set  of  novel 
algorithms  are  designed  and  tested  that  uses  the  target  and 
background  Stokes  parameters  for  detection,  segmentation 
and  classification  of  targets. 

The  empirical  performance  results  in  terms  of  the 
probabilities  of  detection,  false  alarm  rate,  segmentation 
accuracy,  and  recognition  probabilities  as  functions  of 
number  of  pixels  on  target,  aspect  and  depression  angles  and 
several  background  conditions  (clutter  densities)  of  applying 
this  ATR  algorithms  on  the  polarimetric  data  and  its 
comparison  with  a  typical  IR  only  ATR  are  demonstrated 
that  shows  that  a  noticeable  improvement  can  be  achieved. 

1.  INTRODUCTION 

Automatic  detection  and  recognition  of  targets  by 
means  of  passive  IR  sensors  suffer  from  limitations  due  to 
lack  of  sufficient  contrast  between  the  targets  and  their 
background  ,  and  among  the  facets  of  a  target. 

In  this  paper  the  results  of  a  suite  of  polarization-sensitive 
automatic  target  detection  and  recognition  algorithms  on  sets 
of  simulated  and  real  polarimetric  IR  imagery  are  presented. 
A  custom  designed  Polarimetric  IR  (PIR)  imaging  sensor  [1] 
is  used  for  collecting  real  polarimetric  target  data  under  a 
variety  of  conditions.  Then  a  set  of  novel  algorithms  are 
designed  and  tested  that  uses  the  target  andbackground 
Stokes  parameters  [2]  for  detection,  segmentation  and 
classification  of  targets. 


Use  of  polarization  in  image  understanding  in  the 
visible  band  has  been  attempted.  However,  in  the  infrared 
region  of  the  electromagnetic,  to  our  best  knowledge  has  not 
been  systematically  explored. 

2*  SENSOR  DESCRIPTION  AND  DATA  BASES 

Polarimetric  IR  Sensor-The  polarimetric  IR  (PIR) 
sensor  is  comprised  of  four  linearly  polarized  arrays  (see  the 
Figure  1)  positioned  between  the  infrared  detectors  and  the 
sensors  outside  lens. 


Figure  1.  The  Four  Linear  Polarizers  Used  In  The 
Sensor 

Consequently,  for  every  four  contiguous  pixel  set 


the  following  functions  are  computed. 

0=1/2.  Arctan[U/Q]  (1) 

P=V[Q^+U^]/I  (2) 

Where  I,  U  and  Q(the  Stokes  parameters)  are 
related  to  the  outputs  of  the  four  polarizers  i*  ;  x  being  the 
degree  of  the  polarizer’s  orientation: 

I=l/2.(io+i45+i90+il35)  (^) 

Q=io*i90  (4) 

U=i45-ii35  (5) 


Thus  three  frames  corresponding  to  are  input  to  the 
target  processor  I  the  IR  intensity,  P  the  Percent  of 
Polarization,  and  O  the  Angle  of  the  Polarization.  TTiese 
frames  can  be  represented  in  a  24  bit  RGB  or  HSI  format  for 
simultaneous  display. 
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Data  Bases-  Two  sets  of  data-bases  were  used  in 
this  project.  The  main  data-base  was  a  set  of  synthetic 
imagery  of  a  Russian  built  Scud  Missile  and  its  launcher  at 


several  aspect  angles  and  varying  degrees  of  signal-to-noise 
ratios  (SNR)  and  background  clutter.  These  images  were 
generated  by  using  a  Ray  Tracing  algorithm  and  with  due 
considerations  for  preserving  the  fidelity  of  the  generated 
imagery  with  the  polari metric  IR  sensor  that  it  is  developing. 

Towards  the  end  of  the  study  a  second  data-base 
consisting  of  the  real  polarization-diverse  IR  imagery  of  a 
cube  were  become  available. 

The  following  show  a  sample  of  the  real  data 
collected  by  the  PIR  sensor. 


IR  P  <D 

Figure  2.  Image  of  a  real  Cube  obtained  by  the  PIR  sensor 

3.  TECHNICAL  APPROACH 

The  digitized  signal  containing  three  frames  of  data 
corresponding  to  Percent  of  Polarization,  Angle  of 
Polarization  and  regular  IR  is  inputted  to  a  Target  Detection 
Module.  The  combined  IR  and  the  polarization  signatures  of 
the  scene  is  used  in  this  module  to  segment  the  scene  and 
extract  the  regions  of  interest.  This  Module  extracts  both 
edges  and  the  regions  of  the  targets  by  using  a  multi¬ 
polarization  texture-based  technique.  The  segmentation 
accuracy  of  the  regions  obtained  by  this  module  is  shown  to 
be  twice  as  good  as  the  regular  IR  on  the  data  that  we  used. 
Similarly,  based  on  the  Receiver  Characteristic  Curves 
(ROC)  for  the  detected  edges  obtained  for  the  multi¬ 
polarization  data  and  the  IR  only  data  it  has  been  shown  that 
the  polarization-sensitive  regime  detects  much  more  correct 
edges  and  generates  less  false  edges  than  the  IR  only  regime 
does  [1]. 

3.1.  Polarization-Sensitive  Statistical 
Segmentation  and  Labeling  Algorithm-  The  input  to  this 
module  consists  of  the  input  3-frame  imagery,  the  estimated 
size  of  the  targets  and  the  first  and  the  second  order  statistics 
of  the  objects  of  the  interest. 

The  first  and  the  second  order  statistics  of  the 
regions  of  the  original  imagery  falling  under  a  moving 
window  of  the  size  specified  by  the  estimated  size  of  the 
objects  of  interest  are  computed.  Next  a  measure  of  the 
statistical  similarity  between  the  extracted  statistics  and  the 
inputted  statistics  are  made  .  Fisher  Criterion  that  was  used  is 
defined  as: 

F=[ni(Ii-l2)V(Ivari+Ivar2)+n2(Pi-P2)^ 
/(Pvari+Pvar2)+n3(0i-02)  ^/(<I^var,+<I>var2)]  (6) 

Where  ni,  n2,  and  n3  are  the  weighs  that  can  be 
adjusted  to  account  for  the  varying  degrees  of  importance  for 


the  I,  P,  and  O.  X  refers  to  the  mean  value  of  X  and  Xvar 
refers  to  the  the  variance  of  X 

The  regions  that  have  statistical  similarity  to  the 
objects  statistics  will  generate  low  F  values.  Thus  this  will 
produce  not  only  segmentation  of  the  scene  but  also  a 
classification  of  them  into  classes  of  interest. 


3.2.  Object  Recognition  Algorithm-  The  out  put 
of  the  Detection  Module  is  fed  to  the  Recognition  Module 
that  matches  the  edge  map  and  the  segmented  regions  with 
the  stored  polarization-sensitive  models  of  the  objects  of 
interest  in  a  model-based  recognition  scheme. 

The  recognition  is  performed  in  two  ways.  In  one  approach 
that  was  described  previously  an  statistical  similarity  measure 
(Fisher  Criterion)  is  used  to  match  the  extracted  target’s  with 
a  library  of  stored  prototypes.  In  another  approach  an  image 
correlator  is  used  to  correlate  the  stored  models  with  the  edge 
map  and  the  segmented  target  regions.  A  correlation  surface 
is  obtained  and  then  the  correlation  distances  between  the 
best  matches  corresponding  to  different  object  models  are 
compared  to  decide  on  the  best  label  for  the  unknown 
objects. 

4.  PERFORMANCE  EVALUATION 

An  experimental  design  methodology  was  used  to 
assess  the  performance  of  the  polarization-sensitive  ATR 
algorithms  using  the  PIR  outputs  over  the  algorithms  using 
IR  only  imagery.  The  data  used  in  the  experiment  consisted 
of  the  simulated  images  of  a  Russian  built  scud  missile 
described  in  the  Section  2.  The  following  Figure  3  shows  a 
sample  of  the  imagery  : 


Figure  3.  Sample  of  the  PIR  Imagery  used  in  the 
Performance  Evaluation 

The  evaluation  was  done  for  each  module  of  the 
ATR:  detection,  segementation,  and  recognition.  For  each 
module  the  performances  of  the  polarimetric  IR  and  regular 
IR  based  ATR  were  obtained.  Thus  the  performance  of  the 
textured-based  detector,  statistical  segementor  and  labelor, 
and  target  recognizer  were  obtained. 

4.1.  Performance  Evaluation  of  the  Polarization- 
Sensitive  Statistical  Segmentation  and  Labeling 
Algorithm-  The  performance  measure  that  was  used  for  the 
this  module  was  Segmentation  Accuracy  (SA).  SA  is  defined 
as  the  ratio  of  the  area  of  the  overlap  between  the  ground 
truth  target  (G)  area  and  the  actual  segmented  output  (T),  and 
the  union  of  the  G  and  T: 
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(7) 


Table  1  Confusion  Matrix:  Matching  Results 


^  -  j  jj 

The  maximum  value  for  SA  is  1  and  the  minimum  is  zero. 

The  evaluation  results[l]  show  that  over  large 
ranges  of  elevation  and  aspect  angles,  the  use  of  polaimetric 
data  improves  segmentation  accuracy  significantly  over  the 
use  of  intensity  data  (FLIR).  Since  in  passive  ATR 
segmentation  has  been  a  major  issue  [1],  this  improvement  is 
indeed  significant  in  passive  automatic  target  recognition. 
The  plots  show  that  there  is  a  dramatic  improvement  in 
segmentation  accuracy,  as  much  as  55%,  when  using 
polarimetric  data  near  the  elevation  angle  of  30  degrees  and 
aspect  angle  of  30  degrees  (Figure  6(b)).  For  the  overhead 
view,  the  improvement  is  as  large  as  20%  (Figure  6(f)). 
However,  for  the  front  and  back,  and  broadside  view,  there  is 
no  improvement  over  the  IR  only  data 

The  segmentation  accuracy  curves  for  aspect  angle 
of  X  degrees  are  similar  to  those  corresponding  to  the  curves 
corresponding  to  the  aspect  angle  of  180-x  degrees.  The 

improvement  using  polarimetric  data,  at  aspect  angle  of  30^, 
diminishes  as  the  aspect  angle  is  increased.  When  the  aspect 

angle  reaches  50^  the  improvement  reduces  to  zero. 

Thus  for  aspect  angles  between  30  and  50  degrees 
and  130-150  degrees  ,  polarization  data  contributes  a 
significant  improvement  over  the  intensity  only  data  when 

o  o 

the  elevation  angle  is  increased  from  30  to  90  (overhead 
view). 

4,2.  Performance  Evaluation  of  Polarization- 
Sensitive  Recognition  Algorithm-  In  the  model-based 
recognition  scheme,  the  sensory  derived  object  was  matched 
against  a  set  of  stored  target  models,  and  the  maximum 
matching  distance  was  tabulated. 

The  sensory  derived  objects  corresponded  to  views 
of  the  missile  on  a  mobile  launcherseen  from  an  elevation 
angle  of  30  degrees  and  aspect  angles  of  0,30,  90,  130,  and 
180  degrees.  The  resulting  confusion  matrix  is  shown  in 
Table  1. 

Table  1  shows  that,  because  of  the  low  contrast  in  target  -to- 
background  intensity,  the  I  -only,  or  IR  sensor  data,  can  not 
classify  correctly  among  most  of  the  target  aspect  angles. 
However,  with  a  combination  of  percent  of  polarization  P 
and  angle  of  polarization  O,  all  aspect  angles  were  correctly 
identified  exept  for  90  degrees  (broadside  view).  This 
demonstrates  that  a  combination  of  intensity  and  polarization 
data  can  provide  a  higher  performance  than  the  intensity  data 
alone  can  provide 
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5.  CONCLUSION  AND  SUMMARY 

In  this  study  we  designed  and  developed  and 
evaluated  a  suite  of  novel  polarization-sensitive  IR  target 
detection,  segmentation  and  recognition  algorithms. 

These  algorithms:  Polarization-Diverse  Statistical 
Segmentor  and  Target  Labeler,  and  Polarization-Diverse 
Target  Recognizer,  were  tested  on  sets  of  synthetic  imagery. 
A  set  of  performance  metrics  for  the  evaluation  of  these 
algorithms  is  also  defined  and  are  used  for  evaluating  the 
individual  and  the  end-to-end  performance  of  the  algorithm 
suite.  The  performance  of  these  algorithms  on  synthetic 
imagery  has  shown  that  by  exploiting  the  polarization 
information  a  significant  improvement  over  the  regular  IR 
imagery  can  be  achieved.  Evaluating  the  performance  of 
these  algorithms  on  real  PIR  data  is  currently  underway. 
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INTRODUCTION 

We  all  are  familiar  with  the  shimmering  of  distant 
objects  on  a  hot  day  or  the  twinkling  of  stars.  These  visual 
effects,  known  as  scintillation,  are  caused  by  the  drift  of 
refractive-index  irregularities  in  the  atmosphere.  Scintillation 
disturbs  astronomical  observations  and  optical 
communication  systems.  Analysis  of  scintillation 
phenomena  also  provide  a  method  for  remotely  sensing  the 
atmosphere,  since  this  effect  is  related  to  turbulence  and 
wind. 

Optical  remote  sensing  is  an  appealing  method  to 
measure  wind  in  complex  terrain.  A  scintillometer  was  built 
at  our  institute,  with  the  aim  to  measure  wind  across  an 
Alpine  valley.  In  a  first  step,  we  tested  this  instrument  over 
a  flat  ground  and  compared  its  performance  with  conventional 
anemometers. 

Different  methods  of  evaluation  can  be  used.  We 
investigated  6  different  methods,  and  the  results  of  these  tests 
are  reported  here. 

CROSSWIND  MEASUREMENTS 

Optical  crosswind  techniques  are  thoroughly  described 
by  Wang  et  al  [1],  Their  theoretical  analysis  of  scintillation 
lead  them  to  the  development  of  different  evaluation 
techniques. 

The  wind  sensing  methods  can  be  grouped  into  two 
categories:  covariance  and  frequency  techniques. 


Fig.l  Typical  normalized  autocovariance  and  cross¬ 
covariance  curves.  Sq,  T/1,  Tq  and  T|/2  are  defined  in 

text. 
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a)  Covariance  techniques 

These  techniques  use  the  readings  of  two  spaced 
detectors.  By  measuring  the  normalized  time-lagged 
covariance  function,  C(t),  with  the  two  detectors,  the  path- 
averaged  wind  speed  can  be  found  (Fig.l). 

Slope  technique:  The  crosswind,  V,  is  proportional  to 
the  slope  at  zero  delay  of  the  cross-covariance  curve,  Sq  : 

V~5o  (1) 

Peak  technique:  The  crosswind  can  be  obtained  from 
the  time  delay  at  the  peak  of  the  cross-covariance  curve,  Tp : 

y-l/Tp  (2) 

Briggs  technique:  The  crossover  time  delay  of  the 
autocovariance  and  cross-covariance  curves,  ,  is  inversely 
proportional  to  V: 

y-\/Ts  (3) 

b)  Frequency  techniques 

These  techniques  measure  the  frequency  of  intensity 
fluctuations,  /,  of  one  signal,  and  cannot  discern  wind 
direction.  The  wind  is  proportional  to  the  frequency  content 
of  the  signal. 

IVI  ~  7  (4) 

Autocorrelation  technique:  The  width  of  the 
autocovariance  curve,  Ti/2>  is  inversely  proportional  to  /: 

f=l/Tu2 

Fast  Fourier  Transform  (FFT)  technique:  We 
determine  the  Fourier  transform,  W(f),  of  the  signal.  The 
principal  frequency,  is  the  frequency  for  which  W(f) 
shows  its  maximum. 

f  f  (^) 

J  ./max 

Zero-cross  technique:  This  frequency  measurement  is 
made  by  counting  the  number  of  zero  crossings  after 
substraction  of  the  mean  signal: 

/  =  count . 

The  theory  developed  by  Wang  et  al  describes  the 
scintillation  phenomenon  fairly  satisfactory,  but  makes  two 
assumptions  that  lead  to  discrepancies  between  theoretical 
prediction  and  experimental  results.  First,  Wang  et  al  assume 
that  the  turbulence  spectrum  follows  a  universal  form  and 
this  spectrum  does  not  vary  with  time.  Second,  they  assume 
Taylor’s  frozen  turbulence’  hypothesis.  Taylor’s  hypothesis 
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implies  that  the  turbulent  eddies  do  not  change  significantly 
during  the  time  they  drift  through  the  light  beam. 

EXPERIMENTAL  SETUP 

A  scintillometer  based  on  the  model  of  Wang  et  al[\] 
was  built  at  PSL  This  instrument  uses  an  infrared  diode  as  a 
light  source,  operating  with  a  peak  wavelength  between  0.8 
mm  and  0.9  mm.  Transmitter  and  receiver  apertures  have 
diameters  of  15  cm  and  5  cm,  respectively.  The  spacing 
between  the  two  receivers  is  6.4  cm.  The  signal  intensity 
was  stored  with  a  sampling  rate  of  500  Hz  on  a  portable 
computer,  and  data  processing  was  subsequently  done  off-line 
on  a  mainframe  computer. 

During  the  summer  of  1994,  the  scintillometer  was 
placed  on  a  1  km  path  near  Wurenlingen,  Switzerland. 
Transmitter  and  receiver  were  set  on  platforms,  3.5  m  above 
ground.  Nine  automatic  meteorological  stations  with 
conventional  cup  anemometers  were  set  along  the  light  path. 
The  data  from  the  conventional  anemometers  was  averaged 
over  5  s,  and  then  used  as  reference  for  the  comparison  with 
the  scintillometer  data. 

A  number  of  measurement  campaigns  were  carried 
out.  We  based  the  calibration  of  the  scintillometer  on 
campaigns,  for  which  the  wind  speed  range  was  more  than  3 
m/s.  The  duration  of  these  three  campaigns  was  12h, 
beginning  in  early  afternoon. 

RESULTS  AND  DISCUSSION 

For  comparison  between  the  optical  measurements 
and  the  conventional  anemometers,  we  use  different 
statistical  tools.  Standard  deviations  of  differences  and 
correlation  coefficients  are  displayed  in  Table  I  and  II  for 
three  averaging  times.  We  see  that  the  agreement  improves 
with  longer  averaging  times.  The  error  due  to  electronic 
noise  is  smoothed  out.  Table  I  and  II  reveal  that  the  best 
agreement  is  reached  with  the  autocorrelation  and  zero-cross 
techniques,  these  two  techniques  showing  exactly  the  same 
peiformance. 

A  closer  look  at  Table  I  and  II  show  that  the  peak 
technique  is  the  least  reliable  if  we  consider  short  averaging 
times,  but  for  a  ten  minutes  averaging,  the  peak  technique  is 
more  reliable  than  the  slope  technique.  The  poor  performance 
for  short  averaging  times  is  due  to  problems  in  direction 
determination.  This  effect  is  flattened  by  averaging. 


Table  I:  Correlation  coefficient  between  conventional 
anemometers  and  scintillometer  for  six  different  techniques. 
Measurements  on  the  25.  July  94.  _ _ 


5  s 

1  min 

10  min 

0.84 

0.89 

0.94 

Peak 

0.79 

0.93 

0.97 

0.88 

0.94 

0.97 

Autocorrelation 

0.96 

0.98 

0.99 

FFT 

0.93 

0.97 

0.99 

Zero-cross 

0.96 

0.98 

0.99 

Table  II:  Standard  deviation  of  the  difference  between 
conventional  anemometer  and  scintillometer  for  the 
measurement  of  25.  July  94  _ _ 


Averaging  time 

5  s 

1  min 

10  min 

Slope 

0.36 

0.29 

0.23 

Peak 

0.43 

0.24 

0.17 

Briggs 

0.31 

0.22 

0.15 

Autocorrelation 

0.16 

0.14 

0.09 

FFT 

0.22 

0.15 

0.12 

Zero-cross 

0.16 

0.13 

0.09 

The  factors  in  the  relations  (1)  to  (7)  were  determined 
experimentally,  and  in  order  to  better  fit  the  data  we  rewrite 
the  relation  (4)  in 

IVI~/“ 

with  a=L8  for  the  autocorrelation  technique,  a=2  for 
the  zero-cross  technique,  and  a=2.3  for  the  FFT  technique. 
The  introduction  of  the  exponent  a  can  be  explained  by  the 
failure  of  Taylor's  hypothesis.  The  decay  of  turbulence  eddies 
during  the  time  they  cross  the  beam  has  an  effect  of 
decorrelation  that  is  proportional  to  the  time  delay.  This 
causes  the  frequency  techniques  to  overestimate  the  wind. 
This  overestimation  becomes  greater  as  the  wind  decreases. 
The  introduction  of  (8)  counterbalances  this  effect  and 
coincides  better  with  our  experiments. 

The  effect  of  eddy  decay  can  be  seen  if  we  consider  the 
peak  value  of  the  correlation  function,  C(rp).  Taylor's 
hypothesis  implies  that  for  horizontal,  crosswind  the 
maximum  of  the  correlation  function  would  be  1 .  In  reality 
the  correlation  functions  show  maxima  between  0.3  and  0.8 
(Fig. 3).  For  the  first  four  hours  of  the  measurement 
(afternoon),  we  observe  a  good  correlation  between  C(T/>) 
and  the  wind  speed,  the  value  of  C(Tp)  then  become  large 
during  the  nighttime.  If  we  only  consider  the  nighttime 
period  (Fig.4)  we  see  that  the  correlation  is  also  good  during 
that  time.  The  change  of  the  relation  between  C(Tp)  and 
wind  speed  is  due  to  the  change  in  the  turbulent  state  of  the 
atmosphere.  In  the  strongly  turbulent  afternoon  atmosphere, 
the  eddy  decay  is  much  faster  than  in  the  weakly  turbulent 
nighttime  atmosphere.  This  difference  in  the  eddy  decay 
process  between  weak  and  strong  turbulence  leads  to  changes 
in  the  calibration  factor  for  the  evaluation  techniques.  The 
consequence  for  our  measurements  were  an  overestimation  by 
the  covariance  techniques  of  the  wind  speed  during  nighttime. 

One  of  our  measurements  is  influenced  by  a  rainy 
period.  Autocorrelation  and  zero-cross  techniques 
overestimate  the  wind  speed  during  that  period.  The 
additional  scintillation  due  to  falling  raindrops  is  interpreted 
as  extra  velocity  component.  We  gain  a  better  understanding 
of  the  influence  of  rain  on  scintillation  if  we  consider  the 
spectra  of  the  intensity  fluctuations,  W(f).  The  atmospheric 
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Time  [min] 


Fig.  2:  Measurement  over  12h,  beginning  at  14hl0'  on  the 
25.  July  94.  Both  measurements  are  1  min  averages.  The 
two  curves  exhibit  the  same  characteristics. 


turbulence  influences  the  spectra  in  the  low-frequency  region, 
and  precipitation  has  an  effect  on  the  high-frequency  region 
forming  a  second  peak  at  higher  frequencies  [2].  The 
magnitude  and  frequency  of  this  second  peak  depends  on  the 
precipitation  intensity  and  on  the  particles  fall  speed.  The 
FFT  technique  determines  the  maximum  of  W(f)  and  was  not 
influenced  by  rain.  We  tried  to  change  the  mode  of  evaluation 
and  calculated  the  maximum  of  the  function  f*W(f).  The  high 
frequency  part  of  the  spectrum  was  consequently  magnified, 
and  we  then  recognize  the  influence  of  rain,  the  wind  being 
overestimated.  The  covariance  techniques  are  not  affected  by 
rain. 


SUMMARY  AND  OUTLOOK 

The  results  of  our  tests  proved  that  our  scintillometer 
is  capable  of  measuring  crosswind.  We  gained  experience  in 
using  scintillometer  and  pointed  out  possible  sources  of 
error. 

In  a  further  step,  we  will  use  scintillometer  with 
different  apertures  over  longer  distances  to  measure  fluxes  in 
an  Alpine  valley.  We  will  also  continue  to  investigate  the 
effect  of  precipitation  on  the  scintillation  measurements. 


Fig.  3:  Peak  values  of  the  normalized  covariance  function, 
C{Xp).  Measurement  over  12h  on  the  25.07.94,  averaging 
over  Imin. 


Fig.  4  :  Peak  value  of  the  normalized  covariance  function 
C{Xp)  (upper  curve)  and  wind  measurement  (lower  curve)  for 
the  nighttime  period  of  the  25.  July  94  measurement. 
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Abstract--  A  ground-based,  multi-frequency,  dual 
polarization,  microwave  link  (LINK)  is  being  developed  by 
the  NASA/Goddard  Space  Flight  Center  for  the  measurement 
of  precipitation.  The  LINK  is  part  of  a  larger  ground-based 
system  which  will  provide  a  transfer  standard  permitting  a 
more  effective  use  of  conventional  sensors  for  calibrating  the 
various  weather  radars  aroimd  the  tropics  schedule  to  support 
the  Tropical  Rain  Measuring  Mission  (TRMM),  The 
instrument  promises  a  substantial  improvement  over  present 
techniques  in  the  estimation  of  important  meteorological 
parameters  such  as  rainwater  content  and  rainfall  rate.  The 
LINK,  which  is  cmrently  under  testing  at  the  Goddard  Space 
Flight  Center,  is  scheduled  for  installation  at  NASA/Wallops 
Flight  Facility,  VA  in  the  spring  of  1996. 
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FIG.  1  LINK  CONFIGURATION 


INTRODUCTION 

Due  to  its  interaction  with  atmospheric  water,  microwave 
radiation  (5  to  40  GHz)  provides  a  unique  means  of 
meteorological  measurements.  Possessing  a  wavelength  on 
magnitude  as  the  size  of  raindrops,  microwaves  are 
scattered  and  absorbed  by  rainfall.  The  resulting  mean 
electromagnetic  field  over  the  rain  filled  region  undergoes 
amplitude  and  phase  variations  that  carry  information  about 
the  meteorological  parameters  along  the  propagation  path. 
The  measurement  of  such  variations  provides  a  way  to 
estimate  important  meteorological  parameters  such  as 
rainwater  content  (W)  and  rainfall  rate  (R). 

The  microwave  link  (LINK)  in  development  by  the 
Microwave  Sensors  Laboratory  at  the  Goddard  Space  Flight 
Center  is  a  coherent,  continuous-wave  (CW),  transmission 
link  capable  of  measuring  path  integrated  attenuation  ( ^  )  at 
several  frequencies,  and  path  integrated  phase  shift  ( ^ )  at 
two  polarizations.  These  measurements  will  render 
independent  simultaneous  estimates  of  W  and  R  for  rainfall 
rates  ranging  from  1  mm/hr  to  over  100  mm/hr. 
Comparisons  among  LINK  estimates,  along  with 
measurements  from  rain  gauges  and  hygrometers  should 
provide  a  useful  transfer  standard  for  rainfall  estimation 
techniques. 

0-7803-3068-4/96$5.00©1996  IEEE 


LINK  DESCRIPTION 

The  multi-frequency,  dual  polarization,  LINK  is 
characterized  by  a  continuous,  simultaneous,  coherent 
operation  at  the  frequencies  of  8.35  GHz,  8.45  GHz,  25.35 
GHz,  and  38.025  GHz.  The  four  frequencies  were  chosen 
such  that  independent  simultaneous  estimates  could  be  made 
using  more  than  one  microwave  rainfall  estimate. 
(Measurements  above  40  GHz  were  not  included  since 
frequencies  in  this  range  are  greatly  attenuated  and  rapidly 
depolarized  by  precipitation  and  water  vapor).  Furthermore, 
the  signals  required  simple  ratios  for  their  synthesis  and 
synchronization. 

Consequently,  the  selection  was  made  of  identically 
polarized  signals  at  38.025  GHz  ,  25.35  GHz,  8.45  GHz  with 
ratios  4.5  (38.025  to  8.45),  3.0  (25.35  to  8.45),  and  1.5 
(38.025  to  25.35).  In  addition,  polarization  differential 
phase  shift  measurements  Ode  can  be  achieved  by 
transmitting  horizontally  (h)  and  vertically  (v)  polarized 
signals  at  two  slightly  separated  frequencies.  The  inclusion 
of  a  fourth  vertically  polarized  signal  at  8.35  GHz  would 
provide,  in  conjunction  with  the  horizontally  polarized 
signal  at  8.45  GHz,  Ode  over  a  wide  range  of  rain  rates. 

Fig.  1  shows  a  simplified  sketch  of  the  fixture  LINK  site  on 
Wallops  Island.  It  consists  of  two  towers,  already  in  place, 
separated  by  a  distance  of  approximately  2  km.  The 
transmitter  and  receiver  units  will  be  located  on  the  tower 
platforms  at  a  height  of  nearly  20  meters  above  ground 
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permitting  an  on-the-line-of-sight  transmission.  The  four 
signals  will  be  generated  at  the  transmitter  using  a  common, 
ultra-stable,  5  MHz  local  oscillator  (LO)  in  connection  with 
multipliers,  amplifiers  and  phase-locked  loops  that  provide 
synchronization  among  the  frequencies.  The  8.35  GHz  (v) 
and  the  8.45  GHz  Qi)  signals  will  be  transmitted  through  a 
dual  polarization,  X-band  conical  horn  antenna,  while  the 
25.35  GHz  and  38.025  GHz  signals  will  employ  a  dual 
frequency  parabolic  reflector. 

The  receiver,  with  a  similar  set  of  antennas  co-aligned  to  the 
transmitter’s  set,  will  phase-lock  to  the  incident  8.45  GHz 
(v)  signal  establishing  synchronization  between  the  two 
units.  Thereafter,  the  8.35  GHz,  8.45  GHz,  25.35  GHz,  and 
38.025  GHz  received  signals  will  be  down-converted  to  3 
KHz,  3  KHz,  9  KHz  and  13.5  KHz  respectively  through  the 
use  of  a  network  of  ultra-stable  LO’s,  mixers,  amplifiers,  and 
phase-locked  loops,  preserving  the  same  amplitude,  phase, 
and  frequency  ratio  as  the  microwave  signals,  and  hence, 
providing  the  desired  meteorological  information. 

The  audio  signals  will  be  channeled  to  the  LINK’S  data 
system,  located  at  the  base  of  the  receiving  tower  where  the 
four  channels  will  be  simultaneously  sampled  at  a  rate  of  96 
KHz.  Amplitude  and  phase  information  will  be  recovered 
with  a  digital  signal  co-processing  unit  capable  of 
performing  real-time,  512-point  Fast  Fourier  Transforms 
(FFT).  The  results  will  be  contiguously  averaged  over  a 
period  of  3  seconds  for  noise  reduction  before  being  stored  in 
permanent  memory. 

The  LINK  will  operate  in  conjunction  with  a  configuration 
of  state-of-the-art  optical  rain  gauges  and  tipping  buckets 
already  on  site  to  improve  and  cross-check  the 
measurement’s  accuracy.  The  addition  of  a  hygrometer, 
barometer  and  an  anemometer  is  also  scheduled  in  the  near 
future.  All  supporting  devices  will  be  monitored  by  the 
LINK’S  data  system  assuring  a  time  concurrence  among  all 
the  different  measurements.  The  data  system  will  be 
remotely  accessed  by  modem  or  through  the  network 
allowing  data  transfers  and  system  monitoring. 

ESTIMATION  OF  RAINFALL  PARAMETERS 

Attenuation  and  phase  shift  of  electromagnetic  waves  due  to 
rainfall  over  a  path  can  be  analytically  obtained  from  the 
mean  electromagnetic  field  over  a  given  rain-filled  region. 

The  results  are  given  by 

^  -  8.686AJ  Im[>.  v]NiD)dD , 

(dB/km)  (1) 


=  —M RQ[fA^]N(D)dD , 

TT 

(deg/km)  (2) 

respectively,  where  X  is  the  free  space  wavelength,  N(D)  dD 
is  the  drop-size  distribution,  and  >.v  are  the  components  in 
the  forward  direction  of  the  vector  scattering  amplitudes 
corresponding  to  horizontal  and  vertical  polarization  ( 
functions  of  frequency  co ,  temperature  T,  polarization,  and 
raindrop  diameter  D )  [1][2]. 

In  the  absence  of  vertical  air  motion,  R  and  W  are  given  by 
the  following  integral  relations: 

/?  =  0.6  X  lO"* ;TyavJ  v,{D)D^N{D)dD , 

(mm/hr)  (3) 

W  =  1.667  X  10V/v|  D^N{D)dD , 

(g/m' )  (4) 

where  vt  is  the  terminal  fall  speed  of  the  drops  in  still  air, 

pw  is  the  density  of  water[3]. 

The  integrands  in  (1)  through  (4)  can  be  considered  as 
distributions  functions  ^(D),  O  (D),  /^(D),  and  W(D)  over 
the  drop  sizes.  The  accuracy  of  microwave  measurement 
estimators  will  depend  on  how  strongly  ^(D)  or  O  (D)  will 
relate  to  R(P)  or  W(D)  since  for  some  drop-size  distributions 
there  is  a  stronger  relationship  between  the  distribution 
functions  than  for  others.  In  particular,  ^38-8  ,  ^25-8 ,  and 
sh-8v  are  closely  related  to  R  ,  while  ^38-25  ,  and  g^-sv 

are  closely  related  to  W  [4]  [5]. 

Many  empirical  relations  have  been  proposed  to  make 
rainfall  estimates  from  microwave  measurements.  In 
general,  the  relations  between  a  microwave  measurement  X 
or  O )  and  a  rainfall  parameter  P  ( i?  or  IF )  is  of  the  form 
P=kX^ ,  where  k  and  a  depend  on  drop  concentration  and 
frequency.  The  more  a  deviates  from  unity,  the  greater  the 
explicit  dependence  of  an  X-P  power  law  on  drop 
concentration 

In  particularly,  one  approach  uses  the  relation  R=  k  A  ^ 
which  is  nearly  linear  (a  « 1 )  at  25.35  GHz  and  at  38.025 
GHz  [5]  [6]  (making  A^%  and  A15  good  estimators  of  R). 
However,  since  LINK  differential  attenuation  measurements 
are  easier  and  more  accurate  to  make  than  specific 
measurements  the  use  of  ^38-8  and  ^25-8  promises  a  direct 
measure  of  P. 

A  similar  approach,  uses  the  differential  attenuation  between 
the  38.025  GHz  and  the  25.35  GHz  (A38.25)  which  has  been 
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shown  to  be  well  correlated  and  linearly  related  to  W  [3], 
The  relation  is  given  by 


38-25 


(5) 


A  different  approach  combines  the  specific  polarization 
differential  phase  shift  Odp  and  the  mass  weighted  average 
rain  drop  diameter  Dm  to  obtain  W  [3].  ,  defined  as  one 

half  the  difference  in  the  total  integrated  polarization 
differential  phase,  is  given  by 

6  -(8.45/8.35)(!i 

(p  (6) 

D?  2 

Dm ,  a  useful  parameter  by  itself,  can  be  estimated  from  the 
ratio  Ass  /  A25  through  the  relation 

=  0.565 -0.199( - ).  (7) 

Ai5 

Rain  water  content  is  then  estimated  from  Dm  and  Odp  by 
the  relation 

O 


W  =  0.0527( 


0.03  +  0.62Dm 


0.9964 


(8) 


Based  on  these  three  different  techniques,  the  LINK 
measurements  will  provide  nearly  unbiased  estimates  of  R 
and  W,  Other  techniques  have  been  proposed  to  estimate 
additional  parameters  such  as  water  vapor  content  and 
vertical  air  velocity.  These  approaches  will  be  explored  in 
the  near  future  on  completion  and  installation  of  the  LINK. 


CONCLUSION 

The  coherent,  multi-frequency,  dual-polarization  microwave 
link  (LINK)  will  provide  a  unique  facility  for  increasing  our 
imderstanding  of  the  potential  and  limitations  of  the  remote 
sensing  of  atmospheric  parameters.  The  LINK 
measurements  of  path  integrated  differential  attenuation 
(vlsg-s  and  ^25-8 )  and  path  integrated  differential  phase  shift 
( <Ifep  8/,-8v)  will  permit  several  simultaneous  estimates  of  rain 
fall  rate  R  and  water  vapor  W.  Since  the  estimates  will  be 
independent  and  will  involve  different  assumptions,  fair 
confidence  could  be  placed  on  any  one  of  them  for  which 
different  approaches  would  yield  the  same  value.  In 
addition,  by  comparing  the  estimates  with  rain  gauge 
measurements,  the  most  accurate  technique  could  be 
identified.  Finally,  the  LINK  measurements  should 
contribute  to  improve  our  understanding  of  radar  rainfall 
retrieval  algorithms  for  both  ground  based  and  space-bome 
systems. 
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Abstract  -  Network-based  computing  with  cluster  of  personal  ITERATIVE  METHOD 

computers  or  workstations  recently  has  become  an  important 

and  successful  technique.  Network-based  computing  enables  Iterative  solvers  are  strongly  recommended  for  large  and 


fast  computation  and  resolves  short  of  storage  with  computers 
on  the  desks.  Cluster  of  inexpensive  computers  offers  them 
aggregated  computing  power  and  storage  to  challenge  very 
large-scale  problems.  Iterative  solvers  are  used  for  the  large 
sparse  linear  systems.  Preconditioners  accelerate  the  rate  of 
convergence  of  the  iterative  solvers.  However,  parallelization 
of  preconditioners  is  far  from  satisfaction  so  far.  Thus,  the 
simplest  diagonal  scaling  is  a  good  alternative  for  improved 
convergence  and  easy  parallelization.  In  order  to  reduce 
communication  overhead,  a  data  compression  technique  is 
considered.  Data  communication  time  can  be  reduced  at  the 
cost  of  convergence  rate.  MATLAB  simulation  result  is  given 
in  this  paper.  This  method  is  effective  to  cluster  of  computers 
connected  through  slow  networks. 

NETWORK-BASED  COMPUTING 

Finite  element  approximation  of  some  partial  differential 
equations  produces  very  large  linear  system.  Such  linear 
systems  are  so  large  that  it. is  almost  impossible  to  solve  with 
a  single  computer  due  to  the  limited  amount  of  storage. 
Therefore,  network-based  computing  is  considered  [1,2,5]  in 
many  scientific  and  engineering  applications  to  cope  with  the 
short  of  storage.  Of  course,  fast  computation  is  another 
important  objective  of  the  network-based  parallel  computing. 
Recently,  highly  cost-effective  parallel  computing  has  been 
possible  under  clustered  computer  networks  due  to  the  PVM 
(parallel  virtual  machine),  a  public-domain  software. 

Since  PVM  from  ORNL  is  freely  available  by  anonymous 
ftp,  it  has  spread  wide  over  the  academic  community  and  has 
become  a  standard  of  message-passing  software  systems.  At 
last,  high-performance  computer  vendors  provide  their  own 
version  of  PVM  intended  for  better  exploitation  of  their 
hardware  architectures.  An  important  motivation  for  the  use  of 
PVM  and  other  cluster  computing  systems  is  its  cost- 
effectiveness.  The  user  can  perform  parallel  computing  on  the 
workstations  and/or  personal  computers  on  the  desks.  Other 
motivations  for  the  increasing  use  of  PVM  include  a  high 
degree  of  portability  and  a  straightforward  and  robust 
interface  that  is  well  suited  for  many  scientific  application 
development. 


sparse  linear  systems.  The  famous  CG  (conjugate  gradient) 
method  is  suitable  for  Hermitian  matrix  (and  consequently 
symmetric  matrix).  Unfortunately,  the  CG  does  not  work  for 
complex  symmetric  systems  which  is  not  Hermitian  and 
consequently  not  symmetric.  However,  the  QMR  (quasi- 
minimal  residual)  method  converges  to  the  solution  when  it  is 
applied  to  the  complex  symmetric  system  of  the  form 
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The  convergence  rate  of  those  iterative  methods  depends 
on  spectral  properties  of  the  coefficient  matrix.  To  achieve 
better  convergence  rate  preconditioners  has  been  extensively 
studied.  A  preconditioning  matrix  is  an  auxiliary  matrix  that 
approximates  the  coefficient  matrix  or  its  inverse  in  some 
sense.  The  preconditioning  matrix  is  applied  in  every  step  of 
the  iterative  method.  Unfortunately,  preconditioners  are  often 
one  of  the  most  problematic  part  of  parallelizing  an  iterative 
method  since  certain  preconditioners  were  not  developed  with 
parallelism  in  mind. 

Note  that  parallelization  of  iterative  method  is  easy.  Most 
of  iterative  methods  are  composed  of  BLAS  (Basic  Linear 
Algebra  Subroutines)  including  vector-nector  multiplications, 
matrix-vector  multiplications  and  inner  products.  The  most 
time-consumingoperation  is  just  matrix-vector  multiplication 
which  has  been  fully  studied.  Moreover,  like  PVM,  high- 
performance  computer  vendors  provide  their  own  optimized 
version  of  BLAS  intended  for  better  exploitation  of  their 
hardware  architectures. 

However,  preconditioners  are  not  easy  to  parallelize.  The 
simplest  and  the  most  effective  preconditioning  is  diagonal 
scaling  unless  the  main  diagonal  elements  of  the  coefficient 
matrix  are  identical  [4].  The  diagonal  scaling  is  performed 
once  at  the  beginning  of  the  iteration.  Thus,  the  diagonal 
scaling  is  considered  as  a  kind  of  preprocessing  of  the 
iterative  method.  Its  parallelism  is  rich  and  easy  to  implement. 
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COMMUNICATION  OVERHEAD 


DATA  COMPRESSION  TECHNIQUE 


For  each  iteration,  a  direction  vector  p„  in  Figure  I  may 
be  broadcasted  through  the  network  over  the  processors  to 
share  the  information.  During  the  communication  session,  all 
the  processors  stop  processing  and  wait  to  receive  the  vectors 
broadcasted  in  a  multidrop  system.  In  many  slow  networks  the 
communication  times  may  be  burdensome.  Assume  that,  for 
example,  there  are  one  million  unknowns,  and  they  are  to  be 
broadcasted  through  10  Mbps  Ethernet.  Then  the  time  for 
communication  lasts  at  least  26  seconds  for  each  iteration. 
When  the  number  of  iterations  is,  say,  400,000,  the  total  time 
for  communication  only  is  more  than  three  days. 

Reduction  of  total  processing  time  may  be  expected  either 
by  introducing  powerful  preconditioners  or  by  applying  data 
compression  technique.  Good  preconditioner  may  reduce  the 
number  iterations.  However,  applying  preconditioners  to  an 
iterative  method  incurs  extra  computational  cost.  Hence,  there 
is  a  trade-off  between  the  gain  in  computing  time  and  the  cost 
of  constructing  and  applying  the  preconditioner. 

Similarly,  the  communication  time  may  be  reduced  at  the 
cost  of  convergence  rate.  Data  format  of  the  direction  vector 
is  usually  double-precision.  Instead,  say,  integer  format  can  be 
used  during  communication  sessions  by  sacrificing  some  data 
precision.  There  may  be  various  ways  to  compress  data.  In 
this  paper,  the  most  simple  and  easy  scheme  is  used. 

QMR  A^orithm  [3] 

without  look-ahead  and  without  preconditioner 
for  complex  symmetric  systems 
0.  Choose  Xq  e  C^and  set  Tq  =  fc  -  Axq  . 

Compute  po  =llr0ll  and  set  Vj  =  rg  / pQ. 

Set  Po=do='&o=0,  Co=Eo=0, 

For  n  =  1,2,...,  do 

1.  If  e„_i  =0,  then  stop. 

Compute  E„  =  pIAp„,  If  6„  =  0,  then  stop. 

2.  Compute  p„=v„-  (p„8„  /  e„_i ). 

3.  Compute  e„  =  plAp„ ,  e„  =  plAp„, 

v„+i=Ap„  -vj„,  and  p„  =llv„+,ll. 


At  each  iteration  the  direction  vector  p„  is  scaled  up  by 
multiplying  a  constant  S/^  and  rounded  to  get  integers.  This 
simple  operation  transforms  double-precision  numbers  into 
integers.  The  packed  integer  vector  is  broadcasted.  In  this 
case  part  of  information  is  lost.  Each  processor  unpacks  the 
integer  vector  and  transforms  it  into  double-precision  one  by 
dividing  by  4. 

The  direction  vector  in  CG  or  QMR  is  optimized  each 
time  in  some  sense.  The  compressed  direction  vector  can  not 
direct  the  right  direction.  The  compressed  direction  vector  is 
slightly  off  the  optimized  direction.  Thus,  communication 
time  can  be  reduced  considerably  at  the  cost  of  total  number 
of  iterations.  Table  1  shows  the  number  of  iterations  versus 
scaling  factor  Sj^ . 

The  simulation  is  performed  on  the  MATLAB.  We  place 
one  line  of  the  form 

p„=ionn(i(s„xp„)/s„ 

before  Step  2  or  Step  3  in  Figure  1.  Note  that  the  position 
where  the  above  line  places  affects  the  number  of  iterations. 
Placing  before  Step  3  is  better  than  Step  2.  When  the  scaling 
factor  is  small,  the  QMR  does  not  converge.  The  larger  the 
scaling  factor  s^,  the  better  the  convergence  rate.  It  complies 
with  our  expectation.  The  scaling  factor  plays  important  role 
in  both  compression  and  decompression  process.  The  pseudo- 
MATLAB  line  above  is  so  simple  that  we  call  it  the  brute- 
force  compression  technique. 

The  brute-force  compression  technique  works  well  when 
the  scaling  factor  is  large.  The  total  communication  time 
reduction  in  IBM-PC  is  about  a  eighth  since  double-precision 
format  requires  8  bytes  while  integer  2  bytes  and  the  vector  is 
complex  such  that  one  complex  number  requires  two  double¬ 
precision  numbers.  The  communication  time  reduction  m 
workstations  is  a  quarter  since  each  double-precision  requires 
8  bytes  while  integer  4.  More  sophisticated  data  compression 
techniques  can  be  introduced  to  achieve  less  communication 
time. 

Table  1.  Number  of  Iterations  versus  Scaling  Factors 


4.  Compute 


= 


Pn+l 


c„  =■ 


r, 


PnCl 

KcW 


Pn^n  ^n-l  * 


5.  If  S„+i  =0,  then  stop. 

Else  v„+i  =v„+i/p„+i. 

Figure  1.  QMR  A^orithm 


Scaling  Factor 

Number  of  Iterations 

Before  Step  2 

Before  Step  3 

100 

not  converge 

not  converge 

1,000 

not  converge 

not  converge 

10,000 

not  converge 

not  converge 

100,000 

1,619 

696 

1,000,000 

802 

371 

10,000,000 

226 

174 

100,000,000 

217 

127 

1,000,000,000 

101 

406 


CONCLUSION 


With  Scaling  factor  of  le+12. 
Uppermost  line  is  scaling  before  Step  2. 
Middle  line  is  scaling  before  Stpe  3. 
Lowermost  line  is  without  scaling. 

Figure  2.  Effect  of  Scaling. 


SIMULATION 

Simulation  tool  is  MATLAB  in  this  paper.  QMR  is  used 
as  an  iterative  linear  solver.  The  brute-force  data  compression 
technique  is  applied  to  a  randomly  generated  matrix  which  is 
complex  symmetric.  Figure  2  shows  the  convergence  behavior. 
Note  that  the  residual  norm  with  the  brute-force  technique 
decreases  slower  than  that  without  it.  As  matrix  size  becomes 
large,  larger  scaling  factor  is  required.  Thus,  implementing  the 
brute-force  technique  on  IBM-PC  is  not  promising.  We  find 
that  the  direction  vector  is  very  sensitive  to  the  scaling  factor. 
Figure  2  is  obtained  with  Sf^  =  le  +  12. 


Cost-effective  parallel  processing  technique  is  studied.  To 
solve  a  very  large  and  sparse  linear  equation  which  is  complex 
symmetric,  QMR  is  used.  To  cope  with  short  of  storage  and 
prohibitively  lengthy  processing  time,  network-based  cluster 
of  computers  is  introduced.  Parallel  computing  environments 
are  supported  by  PVM.  The  simplest  diagonal  scaling  method 
is  applied  as  a  preconditioning  procedure. 

Effective  and  very  simple  data  compression  technique  is 
presented.  A  brute-force  compression  technique  is  evaluated 
using  MATLAB.  Considerable  reduction  in  communication 
time  is  achieved.  More  sophisticated  compression  techniques 
will  be  studied  further.  Sensitivity  to  the  scaling  factor  is  also 
to  be  studied  further. 
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Abstract  --  Geographic  Information  Systems  (GIS)  is 
one  technology  that  is  driven  more  by  applications  rather 
than  by  abstract  principles  [1].  Existing  GISs  store  spatial 
data  in  the  form  of  relations.  This  leads  to  ambiguities  and 
inconsistencies  in  the  query  processing.  A  rule-based  system 
(RBS),  also  known  as  production  system,  is  a  more  elegant 
choice  for  implementing  a  GIS,  since  RBSs  address  the  need 
to  capture,  represent,  store,  and  reason  about  human 
knowledge  on  the  basis  of  conditional  if-then  rules.  This 
paper  describes  the  implementation  of  a  GIS  using  OPS5,  a 
production  system  language.  For  the  prototype,  a  medium¬ 
sized  city,  with  two  rivers,  a  lake,  a  railway  track,  different 
categories  of  roads,  buildings,  and  offices,  was  chosen. 

1.  INTRODUCTION 

The  term.  Geographic  Information  System  (GIS)  refers  to 
the  use  of  computer  fecilties  to  handle  data  referenced  in  the 
spatial  domain  with  the  capability  to  interrelate  data  sets, 
carry  out  spatial  analysis  and  display  the  results.  In  such  a 
system,  the  database  describes  a  collection  of  geographic 
objects  over  a  two-dimensional  map.  A  GIS  stores  and 
manipidates  aspatial,  spatial,  and  graphical  data.  While  the 
graphical  data  are  mainly  used  for  the  purpose  of  displaying 
answers  to  the  queries,  it  is  the  spatial  and  aspatial  data  that 
are  manipulated  by  the  query  processor  of  a  GIS.  Systems 
for  geographic  information,  like  those  for  remote  sensing 
image  analysis  and  vision  analysis,  involve  processing  of 
spatial  data  that  relate  to  coordinates  or  such  other  properties 
of  geographic  objects.  Besides  the  spatial  data,  the  above 
systems  process  aspatial  data  (pertaining  to  names  of  places, 
roads,  rivers,  population,  etc.)  and  graphical  data  (for 
facilitating  display  of  query  results  in  the  form  of  maps  or 
charts).  The  query/reasoning  proeedures  of  a  GIS 
manipulates  the  spatial  and  aspatial  data  and  formulates  the 
graphical  data  by  way  of  partial  results. 

2.  GIS  USING  RELATIONAL  DATABASES 

Existing  GISs  store  spatial  data  in  the  form  of  conventional 
relations  in  Miich  a  spatial  object  is  represented  by  several 
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tuples.  Each  relation  eonsists  of  a  set  of  tuples  Avith  the  same 
set  of  attributes  [2],  [3].  Relational  data  models,  however,  do 
not  lend  themselves  easily  to  storage  and  manipulation  of 
spatial  and  graphical  data.  While  the  table-format  data 
representation  in  the  relational  model  would  be  self- 
explanatory  to  the  user,  extraaion  of  semantic  information 
after  logically  combining  several  tables  becomes  tedious  and 
leads  to  ambiguities  [4].  Since  graphical  data  are  expensive 
to  capture,  there  is  growing  interest  in  integrating  remote 
sensing  systems  into  a  GIS  so  that  the  latter  can  serve  as  the 
knowledge  source  for  the  former[5].  Remote  sensing  data, 
however,  are  in  raster  format  and  hence  are  incompatible 
with  the  vector  format  representation  adopted  in  the  GIS. 

3.  PRODUCTION  SYSTEMS  AND  OPS5 

An  effective  GIS  has  all  the  characteristics  of  a 
knowledge-intensive,  problem-solving  machine.  A  rule- 
based  system  (RBS),  also  known  as  a  production  system, 
should  therefore  be  a  good  choice  for  implementing  GISs, 
since  RBSs  constitute  the  best  means  available  for  codifying 
the  problem-solving  know-how  of  a  human  expert.  RBSs 
address  the  need  to  capture,  represent,  store,  and  reason 
about,  human  knowledge  on  the  basis  of  conditional  if-then 
rules.  Because  each  rule  approximates  an  independent 
granule  of  the  domain  knowledge,  an  RBS  gains  in  skill  and 
efficiency  incrementally  as  the  system  acquires  new 
knowledge  when  new  rules  are  added  to  the  rule  base. 

OPS5  is  a  production  system  language  with  a  forward 
chaining  rule  interpreter  that  has  many  features  to  inaease 
its  efficiency  in  handling  large  rule  bases  [6].  A  production 
system  consists  of  three  modules,  production  memory  (PM), 
working  memory  (WM),  and  inference  engine  (IE).  PM  (or 
the  rulebase)  consists  of  an  unordered  set  of  conditional 
statements,  with  the  if  part  (or  the  condition  part)  of  the  rule 
on  the  left-hand  side  and  the  then  part  (or  the  action  part)  on 
the  right-hand  side.  The  productions  operate  on  the 
elements  of  WM,  a  database  of  temporary  data  structures. 
The  elements  of  WM  are  termed  working  memory  elements 
(WMEs),  which  are  lists  of  attribute-value  pairs.  A  typical 
working  memory  has  several  hundred  objects;  each  object 
has  between  10  to  100  associated  value  pairs.  An  object, 
together  with  its  attribute-value  pairs,  constitutes  a  working 
memory  element. 
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The  general  structure  of  an  OPS5  production  is 

(p  rule_name 

(conditionelement_l ) 


(condition_element_n) 
— > 

(action__l) 


(action_m)) 

where  p  is  a  symbol  that  identifies  a  production; 
“rule_name”  is  the  name  of  the  rule,  identified  as  an  atomic 
symbol;  the  ‘‘condition  elements”  are  possibly  ANDed  or 
ORed  antecedents;  and  the  “actions”  are  the  consequents. 

4.  IMPLEMENTATION 

The  system  that  is  reported  in  this  work  is  built  around  a 
MicroVax  II  workstation  with  a  graphics  processor  and 
running  on  VMS  operating  system.  A  map  of  Trivandrum 
city,  the  capital  of  Kerala  State,  and  its  environs  was  used 
as  the  primary  source  of  data.  The  map  (Scale  1:125,000) 
was  digitised,  paying  close  attention  to  natural  features  like 
the  two  rivears  that  flow  through  the  city,  the  lake,  and  the 
coastal  lines;  physical  features  like  roads  and  their 
intersections,  railway  tracks,  airport,  public  buildings, 
schools,  etc.  Any  particular  feature  such  as  the  road  network 
or  the  railway  track  can  be  displayed  alone  or  overlayed. 
Any  selected  subregion  of  the  map  can  be  zoomed  for  a 
detailed  view.  The  map  was  divided  into  64  x  64  blocks. 
Each  block  was  then  coded  separately  so  that  any  one  of  the 
several  small  areas  covered  by  a  single  block  could  be 
displayed,  as  needed. 


OPS5  allows  compound  data  types,  referred  to  as  element 
classes.  An  element  class,  with  a  list  of  attributes  and  their 
formats,  should  be  declared  before  the  productions  that  use  it 
are  declared  This  is  accomplished  through  the  literalize 
declaration  as  in  the  following: 

(literalize  road 

type  rd_name  start_node 

end_node  junctions  start_xcord 

start_ycord  rd_cord) 


A  particular  instance  of  the  above  declaration  can  be 
created  in  the  working  memory  via  the  make  action: 


(make  road 

^type  state_  highway 
'^rd_name  I  kovalam  road 
^startjiode  kovalam 
^end_node  manacaud 
^junctions  jnjist 
^start_xcord  2475.0 
^start_3^cord  985.0 
^end_xcord  4254.0 
end_ycord  1570.0 
^rd_cord  kvlm.dat) 


The  built-in  capabilities  of  OPS5  such  as  the  facilities  for 
creating  linked  data  structures,  creating  contexts,  iteration, 
recursion,  etc.,  are  well-exploited  in  the  implementation  to 
exert  high  degree  of  control  over  the  formulation  and 
execution  of  the  production  rules.  Many  type  of  primitive 
spatial  operations  on  spatial  objects  such  as  ADJACENT, 
CONTAINS,  WITH^DSf,  INTERSECTS,  CLOSEST, 
FURTHEST,  etc.,  can  be  constructed  very  easily. 

To  find  all  continental  restaurants  within  2  km  of  the 
State  Legislature,  we  could  use  the  production 

(p  find_restaurant 
(restaurant 

^name  <name> 

"^location  <location> 

^mealjype  continental 

'^x^cord  <x_cord> 

^cord  <y_cord>) 

(place 

^pname  <location> 

^x_cord  <x_cord  1  > 

^y_cord  <y__cordl>) 

(with_in 

^pnamel  I  State  Legislature  I 

'^pname2  <location> 

distance  {<distance>  <=  2.0}) 

— > 

(call  plotpoint  <name> 

<location> 

<x_cord> 

<y_cord> 

A  sample  output  of  this  production  is  shown  as  Fig.l  on 
the  next  page.  The  locations  of  the  restaurants,  filtered  out 
as  per  the  specifications,  are  indicated  on  the  map  in  green 
numerals  (1-4),  and  their  respective  names  are  shown  on  the 
side  in  a  list  form.  Since  name  placement  has  not  yet  been 
implemented,  numeral  1  is  overwritten  by  the  locality  name, 
“SPENCER  JUNCTION”. 
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Fig.  1.  Output  of  a  production  for  displaying  the  locations  of 
continental  type  restaurants  within  2  km  of  the  State  Legislature. 


5.  CONCLUSIONS 

A  brief  description  of  the  problems  involved  in  the 
representation  and  analj^is  of  spatial  data  using  relational 
databases  has  been  given.  Adopting  the  scheme  of  a 
production  system  to  represent  the  known  fects  for  the 
ehosen  domain  of  a  geographie  information  system,  in  the 
form  of  rules,  has  yielded  encouraging  results.  Production 
systems  are  not  at  all  popular  for  general  applieations  served 
by  relational  databases.  They  are,  however,  well-suited 
v^en  the  tasks  involved  is  searching  through  a  vast  state 
space.  In  production  systems  control  and  knowledge  are 
separated,  allowing  for  easy  modification  of  the  knowledge 
base  without  changing  the  code  for  eontrol,  and  viee  versa. 
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Abstract  -  A  multiresolution  filtering  procedure  is  derived 
from  the  framework  of  Laplacian  pyramids  and  proposed  for 
edge-preserving  MMSE  smoothing  of  images  affected  by 
multiplicative  noise  with  speckle  statistics.  The  basic  idea  of 
the  novel  scheme  is  to  apply  an  MMSE  filter  (e.g.,  Kuan’s 
filter)  to  the  different  resolution  layers  in  which  the  noisy 
image  is  decomposed.  A  noise-free  image  version  is  achieved 
by  recombining  the  layers  of  the  pyramid,  once  they  have 
been  filtered.  Comparison  tests  performed  on  images  affected 
by  synthetic  speckle,  with  both  one-look  and  multi-look 
statistics,  show  significant  SNR  improvements  over  the  basic 
Kuan’s  scheme,  resulting  in  far  lower  distortion  between 
noise-free  and  processed  images.  Visual  comparisons  on  true 
and  simulated  SAR  images  corroborate  the  objective  results. 


INTRODUCTION 

Synthetic  Aperture  Radar  (SAR)  images  are  affected  by 
speckle  which  appears  as  a  granular  signal-dependent  noise, 
whose  effect  is  to  degrade  the  performance  of  image 
segmentation  and  classification  algorithms.  For  this  reason,  a 
variety  techniques  are  usually  employed  for  speckle  reduction 
[1].  Spatial  filtering  is  used  with  the  objective  of  smoothing 
homogeneous  areas,  in  which  speckle  is  fully  developed, 
simultaneously  preserving  point  targets  and  edges.  Moreover, 
if  multi-frequency  polarimetric  SAR  data  are  available,  several 
images  in  various  polarizations  and  frequencies  can  be 
combined  to  produce  a  less  noisy  version  (e.g.,  polarimetric 
filtering  and  principal  component  analysis). 

One  of  the  crucial  points  of  spatial  filters  is  to  determine 
the  most  suitable  neighborhood,  for  each  pixel,  in  which  to 
estimate  the  parameters  driving  the  smoothing  algorithm.  Two 
approaches  are  generally  possible:  the  former  consists  of  either 
adaptively  modifying  the  window  shape  and/or  size  at  each 
pixel  position  based  on  some  local  feature  within  the  local 
window  (e.g.,  mean,  variance,  edges,  point  targets),  thereby 
determining  the  filter  response  in  the  presence  of  such 
characteristics  [2], [3].  The  latter  parallel  approach  that  has 
been  only  recently  formalized  consists  of  considering  a 
multiresolution  decomposition  of  the  input  image,  and 
applying  a  different  filter  to  each  resolution  layer.  The  wavelet 
decomposition  has  been  employed  for  multiresolution  de¬ 


speckle  [4], [5],  thanks  to  its  capability  to  capture  spatial 
features  within  frequency  subbands.  However,  wavelet  and 
subband  decompositions  are  non-redundant  image 
descriptions,  viz.  the  image  may  be  exactly  synthesized  from 
a  number  of  coefficients  as  large  as  the  number  of  pixels.  This 
property  implies  that  connected  spatial  structures  analyzed  at 
increasing  resolutions  are  split  into  separate  subbands,  thereby 
losing  their  spatial  connectivity.  On  the  contrary,  Laplacian 
pyramids  (LP)  [6],  [7],  which  are  redundant  image 
descriptions,  look  attractive  because  of  their  full  band-pass 
frequency  property  [8],  which  enables  connected  image 
structures  to  be  represented  onto  multiple  scales. 

In  this  work,  an  adaptive  filter  (Kuan’s  filter  [9])  is  applied 
to  the  connectivity-preserving  different  resolution  layers  in 
which  the  noisy  image  is  decomposed  by  a  modified  LP- 
generating  procedure,  designed  for  dealing  with  multiplicative 
noise.  For  natural  images,  each  layer  of  the  LP  is 
characterized  by  an  SNR  that  decreases  for  increasing  spatial 
resolution.  Therefore,  each  filter  may  be  tuned  to  the  SNR  of 
the  related  layer,  so  as  to  preserve  the  spatial  details  of  less 
noisy  layers  to  a  larger  extent.  Once  all  the  resolutions,  have 
been  adaptively  smoothed,  a  noise-free  image  version  is 
achieved  by  recombining  the  layers  of  the  LP. 


KUAN’S  FILTER 


Before  introducing  the  multiresolution  scheme,  let  us 
briefly  review  the  outline  of  Kuan’s  minimum  MSE  (MMSE) 
filter  for  multiplicative  noise  model  [9]. 

Denote  with  G(m,n)  F(m,n)  x  u(m,n)  the  observed  pixel 
value,  with  F(m,n)  the  noise-free  image,  and  with  u(m,n)  the 
multiplicative  noise,  independent  of  F(m,n),  stationary  and 
uncorrelated,  with  unit  mean  and  variance  a/.  The  MMSE 
estimate  of  F  at  {m,n)  may  be  approximated  by 


F{m,n)  “U(m,n)+[G(m,n)-U(m,n)] 


C,  (m,n) 


YD 


l+al 


A 


where  Cj[m,n)  «  ao(m,n)/G(m,n),  ajm^n)  and  G(m,n)  being 
local  standard  deviation  and  average  of  G,  respectively.  Such 
features  are  evaluated  on  a  suitable  neighborhood  of  (m,n). 
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LAPLACIAN  PYRAMroS 


MULTIRESOLUTION  MMSE  FILTERING 


The  Laplacian  pyramid  is  straightforward  derived  from  the 
Gaussian  pyramid  (GP)  which  is  a  multiresolution  image 
representation  obtained  through  a  recursive  reduction,  i.e., 
low-pass  filtering  and  decimation,  of  the  image  data  set. 

Let  Gq  =  {G(m,n),  m  =  -  1;  n  -  -  1},  M  = 

p  X  2^,  and  N  =  q  x  2^,  again  denote  the  observed  image,  p, 
q,  and  K  being  positive  integers.  Gg  and  the  set  of  down- 
sampled  images  {Gj^,  k  = 

G^(m,n)  ^  y)  y)  r(/)r(/)Gj.,(2m+j,2rt+/)  (2) 

for  m  =  0y,.,yM/2^  -  1,  n  -  0,...,N/2^  -  1  constitute  a  GP 
[6], [7];  k  denotes  the  current  level  of  the  pyramid  and  K  >  0 
the  p  X  ^  top  or  root  Burt’s  kernel  {r(i),  i  =  -2,..., 2]  (4  =  2) 
has  been  used  for  separable  reduction; 


For  natural  (correlated)  images,  each  layer  of  the  RLP  is 
characterized  by  an  SNR  that  decreases  for  increasing  spatial 
resolution.  Therefore,  adaptive  filtering  (1)  may  be  tuned  to 
the  noise  variance  of  the  related  layer  (either  Rf.,  k  <  K,  or  G^) 
to  preserve  details  of  less  noisy  layers  to  a  larger  extent. 

The  noise  variance  at  the  kth  level  of  the  RLP  can  be 
computed  from  the  power  gain  P2r  of  the  2D  reduction  filter 
and  that  of  the  2D  interpolator  P2e-  Let  Pir  denote  the  power 
gain  of  the  ID  reduction  filter  (e.g.,  (3)).  Such  a  gain  can  be 
derived  from  the  its  frequency  response  W/ca)  as: 

A  *  f|W(co)Pdco  =  £  |r(OP 

271  i  = 

Since  filtering  is  separable,  P2r  =  Analogously  for 

expansion  (e.g.,  (5)),  P2e  =  (PJ^  where 


r(0)=a;  K±l)=0.25;  r(±2)  =0.25 -0.5a 


(3) 


From  the  GP,  the  Enhanced  Laplacian  Pyramid  (ELP)  [7]  is 
defined  for  k  =  -  1  as: 


L^(m,rt)  =  G^(m,n)  - 

i~~^E  J~~h 

(m+/)mod2,  (n+/)mod2  =  0 


^m+i  n+y 

~’~T 


(4) 
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A  ((D)l^dco  =  ^  £  \e(i)\ 


(8) 


where  the  1/2  factor  in  (8)  accounts  for  up-sampling  by  2, 
The  variance  of  speckle  at  Ath  level  of  the  GP  will  be 


^  [a'Aa'(O)] 


(9) 


with  m  =  0,...,M/2'‘  -  l,n  =  0,...,N/2'‘  - 1.  The  following  7-taps 
half-band  kernel  (4  =  3)  has  been  employed  for  expansion: 

e(0)  =  l;  e(±l)=b-,  e(±2)=0;  e(±3)=0.5-h  (5) 


The  noise  variance  at  the  Ath  level  of  the  RLP,  c^ik),  will  be 

c]{k)  =a^(i)+P,,(^(^+l)-2-cav[G,-G,,,]  (jq) 
-(l-P,/,,)(P,,)‘a^ 


b  is  an  adjustable  parameter  determining  the  shape  of  the 
frequency  response,  but  not  the  extent  of  the  pass-band,  as 
happens  for  (3);  b  =  0.5,  and  b  =  0.5625  yield  linear  and 
cubic  interpolation,  respectively.  Incidentally,  Burt’s  LP  [6] 
utilizes  the  same  kernel  (3),  apart  from  a  scale  factor  to  adjust 
the  DC  gain,  for  both  reduction  and  expansion. 

A  Ratio  Laplacian  Pyramid  (RLP)  may  be  defined  to 
match  the  multiplicative  nature  of  speckle  noise.  The  ratio 
instead  of  the  difference  is  used  to  yield  a  unit-mean  pyramid: 


RAm,n)  = 


GAm,n) 


(m+/)mod2,  (n+;')mod2  =  0 


^m+i  n+j^ 


(6) 


The  term  RLP  will  be  used  throughout  as  a  synonymous 
for  ratio  ELP,  with  a  -  0.625  in  (3),  and  b  =  0.5625  in  (5). 


in  which  the  covariance  of  noise  between  G^  and  G^^+y  was 
derived  in  the  assumption  of  constant  signal  and  ideal  filters. 

The  noise-free  GP  at  level  k<K,  namely  Ff^  (see  (1)),  will 
be  recursively  given  as  product  of  the  filtered  Rj^,  i.e.,  R^,,  and 
the  interpolated  up-sampled  starting  from  k  =  K  -  1: 


F^(m,n)  ==  R^(m,n)  x 

^  EE 

(m+0mod2,  (n+/)>nod2  *  0 


^mn  n+j^ 


(11) 


The  sizes  of  windows  used  for  processing  at  each  level  k 
should  be  progressively  reduced  for  increasing  k,  e.g.,  9x9, 
7  X  7,  5  X  5,  i  X  5  for  a  ^-layer  decomposition  (A'  =  3).  In 
any  cases,  a  large  K  works  better.  For  K  =  0,  the  scheme 
reduces  to  the  plain  Kuan’s  filter  (1). 
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RESULTS  AND  COMPARISONS 

Noisy  versions  of  the  8  bit  test  image  Harbor  have  been 
produced  from  synthetic  speckle  with  unit  mean,  variance  a/ 
and  amplitude  multi-look  statistics. 

Lee’s  refined  filter  [2]  has  also  been  used  for  comparisons. 
In  fact,  this  scheme  exploits  multi-scale  analysis  concepts  as 
a  forerunner  for  more  recent  researches. 


Figure  1.  MSB  between  noise-free  and  filtered  images. 

MSB  between  noise-free  and  processed  noisy  versions  are 
reported  versus  a„,  expressed  as  number  of  equivalent  looks, 
in  the  plots  of  Figure  1.  The  improvement  of  the  multi¬ 
resolution  filter  exhibits  a  large  trend  varying  with 


Figure  2.  -  A  128  x  128  detail  from  "Airport"  image  (top 
left);  7x7  Kuan’s  filter  (top  right);  7x7  Lee’s  refined  filter 
(bottom  left);  4-layer  pyramid  MMSE  filter  (bottom  right). 


Figure  2  shows  original  and  three  processed  versions  of  a 
detail  from  an  ERIM/STAR-1  airborne  SAR  image  (4-looks 
amplitude)  of  an  airport  in  Windsor,  Ontario.  The  pyramid 
MMSE  filter  is  more  effective  than  Kuan’s  filter  in  selectively 
removing  noise  in  proximity  of  step  edges,  contours  and  thin 
lines,  without  diminishing  image  sharpness. 

In  conclusion,  the  novel  pyramid  MMSE  scheme  is  more 
efficient  than  Kuan’s  filter,  providing  a  better  estimate  of  the 
noise-free  original,  by  over  1  dB.  Comparisons  with  Lee’s 
refined  filter  attest  lower  MSB  and  comparable  visual  quality. 
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ABSTRACT 

Classification  of  AVIRIS  data  is  considered  with  respect  to 
enhanced  statistics.  The  performance  of  enhanced  statis¬ 
tics  is  investigated  in  terms  of  feature  extraction  for  both 
pixel  and  spatial  classifiers.  The  feature  extraction  meth¬ 
ods  applied  are  decision  boundary  feature  extraction  and 
discriminant  analysis.  The  classification  results  obtained 
by  enhanced  statistics  are  excellent  and  show  the  classi¬ 
fiers  to  be  able  to  distinguish  between  several  geological 
units  with  very  similar  spectral  properties. 

1.  INTRODUCTION 

In  classification  of  very-high-dimensional  data  it  is  impor¬ 
tant  to  design  classifiers  which  can  extract  the  necessary 
information  from  the  data,  and  perform  classification  with 
sufficient  accuracy.  The  main  problem  with  classification 
of  very-high  dimensional  data  is  that  in  all  real  cases  a  lim¬ 
ited  number  of  training  samples  are  available.  A  limited 
number  of  training  samples  usually  poses  a  problem  for 
the  estimation  of  the  parameters  used  in  classification.  If 
the  parameters  are  not  carefully  estimated,  the  classifiers 
may  not  generalize  well,  i.e.,  they  possibly  give  low  accu¬ 
racy  for  test  data  or  may  not  even  work  at  all.  Since  for 
classification  of  very-high-dimensional  data,  there  are  usu¬ 
ally  never  enough  training  samples  available,  it  is  needed 
to  apply  methods  which  are  based  on  estimating  the  best 
statistics.  In  this  paper,  a  recently  proposed  method  of 
enhanced  statistics  [1]  is  investigated  in  order  to  see  how 
well  the  method  performs  on  AVIRIS  data  in  terms  of 
classification  accuracy  for  several  different  classification 

^This  research  is  supported  in  part  by  the  Icelandic  Research 
Council.  A  copy  of  MultiSpec  can  be  requested  by  sending  e-mail 
to  landgreb@ecn.purdue.edu 
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methods.  The  classification  methods  applied  are  both 
pixel  bctsed  (the  Gaussian  ML  method)  [2]  and  spatial 
(the  ECHO  classifier)  [3].  The  performance  of  enhanced 
statistics  is  also  investigated  in  terms  of  feature  extraction 
for  the  different  classifiers.  The  feature  extraction  meth¬ 
ods  applied  are  the  recently  proposed  decision  boundary 
feature  extraction  (DBFE)  [4]  and  discriminant  analysis 
[5].  All  the  above-mentioned  methods  are  capabilities  of 
the  data  analysis  software  MultiSpec  which  has  been  de¬ 
veloped  at  Purdue  University.  MultiSpec  was  used  for  the 
analysis  reported  here. 

The  paper  is  organized  as  follows.  First,  the  method  of 
statistical  enhancement  is  discussed.  Then,  experimental 
results  are  given  and  discussed. 

2.  STATISTICS  ENHANCEMENT  IN 
MULTISPECTRAL  ANALYSIS 

A  well-trained  classifier  must  successfully  model  the  dis¬ 
tribution  of  the  entire  data  set,  but  the  modeling  must  be 
done  in  such  a  way  that  the  different  classes  of  interest 
are  as  distinct  from  one  another  as  possible.  Therefore,  it 
is  desired  to  have  the  density  function  of  the  entire  data 
set  modeled  as  a  mixture  of  class  densities  [1],  i.e., 

m 

p{x\e)  =  (1) 

i=l 

where  x  is  the  measured  feature  vector,  p  is  the  probabil¬ 
ity  density  function  describing  the  entire  data  set  to  be 
analyzed,  pi  is  the  density  function  of  class  i,  is  the 
weighting  coefficient  or  probability  of  class  z,  and  m  is  the 
number  of  classes. 
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Table  1:  Training  and  Test  Samples  for  Information  Table  2:  Number  of  Features  as  a  Function  of  the  Cumu- 
Classes  in  the  Experiment  on  the  AVIRIS  data.  lative  Eigenvalues. 


Class  # 

Information  Class 

Training 

Size 

Test 

Size 

1 

Andesite  Lava  from  1991 

1659 

1511 

2 

Andesite  Lava  from  1980 

1182 

1162 

3 

Andesite  Lava  from  1970 

978 

922 

4 

Old  Unvegetated  Andesite  Lava 

2562 

2444 

5 

Andesite  Lava  with  Sparse  Moss  Cover 

1008 

1008 

6 

Andesite  Lava  with  Moss  Cover 

528 

495 

7 

Andesite  Lava  with  Thick  Moss  Cover 

2863 

2733 

8 

Lichen  Covered  Basalt  Lava 

1674 

1023 

9 

Rhyolite 

202 

202 

10 

Hyaloclastite 

2062 

1979 

11 

Scoria 

275 

275 

12 

Lava  Covered  with  Tephra  and  Scoria 

350 

350 

13 

Volcanic  Tephra 

1654 

1608 

14 

Snow 

528 

464 

15 

Firn  and  Glacier  Ice 

242 

216 

1  Total  1 

17767 

16412 

Cumulative 

Eigenvalues 

DBFE 

DA 

20% 

1 

30% 

2 

35% 

3 

40% 

4 

45% 

5 

50% 

7 

55% 

8 

1 

60% 

10 

65% 

12 

70% 

15 

75% 

18 

80% 

23 

2 

85% 

28 

3 

90% 

36 

4 

95% 

51 

7 

99% 

86 

15 

For  a  well-trained  classifier,  the  probability  density  func¬ 
tion  of  the  entire  data  set,  'p{x\6),  can  be  modeled  by  a 
combination  of  m  Gaussian  densities.  Therefore,  in  (1), 
6i  contain  the  mean  and  covariance  matrix  for  a  Gaussian 
component.  However,  it  is  critical  that  (1)  is  a  good  model 
for  the  classes  in  the  data.  Shahshahani  and  Landgrebe 
[1]  accomplished  the  modeling  by  an  iterative  calculation 
based  on  both  the  training  samples  and  a  systematic  sam¬ 
pling  of  all  the  pixels  in  the  scene.  Their  method  is  called 
enhanced  statistics.  In  the  method,  the  statistics  are  ad¬ 
justed  or  enhanced  so  that,  while  still  being  defined  by 
the  training  samples,  the  collection  of  class  conditional 
statistics  better  fit  the  entire  data  set  [1].  This  amounts 
to  hybrid,  supervised/unsupervised  training  scheme  with 
at  least  three  possible  benefits  [1]:  1)  The  process  tends 
to  make  the  training  set  more  robust,  providing  improved 
generalization  to  data  other  than  the  training  samples.  2) 
The  process  tends  to  mitigate  the  Hughes  phenomenon, 
thus  allowing  one  to  obtain  greater  accuracy  with  a  lim¬ 
ited  training  set.  3)  An  estimate  is  obtained  for  the  prior 
probabilities  of  the  classes.  The  estimate  is  a  result  of 
the  use  of  the  unlabeled  samples,  and  is  something  that 
cannot  be  computed  from  training  samples  alone. 

3.  EXPERIMENTAL  RESULTS 

The  test  area  is  the  region  surrounding  the  volcano  Hekla 
in  Iceland.  Hekla  is  one  of  the  most  active  volcanos  in 
Iceland.  It  sits  on  the  western  margin  of  the  Eastern  vol¬ 
canic  zone  in  South  Iceland.  Hekla  is  a  ridge,  built  by  re¬ 
peated  eruptions  on  a  volcanic  fissure  and  reaches  about 
1500  m  elevation  and  about  1000  m  above  the  surround¬ 
ings.  AVIRIS  data  from  the  area  were  collected  on  June 
17th  1991,  which  was  a  cloud- free  day  in  the  area  covered. 
The  AVIRIS  sensor  operates  in  the  visible  to  near  infrared 
wavelength  range,  i.e.,  from  0.4  /im  to  2.4  /im.  It  has  224 
data  channels  and  utilizes  4  spectrometers.  During  the 


data  collection,  spectrometer  4  was  not  working  properly. 
This  particular  spectrometer  operates  in  the  near-infrared 
wavelength  range,  from  1.84  /im  to  2.4  ^m  (64  data  chan¬ 
nels).  These  64  data  channels  were  deleted  from  the  data 
set  along  with  the  first  channels  for  all  the  other  spectrom¬ 
eters,  but  these  channels  were  blank.  When  the  noisy  and 
blank  data  channels  had  been  removed,  157  data  channels 
were  left.  Four  full  AVIRIS  frames  were  used  in  the  data 
analysis.  Each  frame  consisted  of  614  columns  and  512 
lines. 

Fifteen  information  classes  were  defined  in  the  area, 
and  34179  samples  were  selected  from  the  classes.  Ap¬ 
proximately  50%  of  the  reference  samples  were  used  for 
training,  and  the  rest  were  used  to  test  the  data  analysis 
algorithms  (see  Table  1).  The  analysis  were  performed 
using  MultiSpec  on  a  Power  PC  Macintosh  computer. 

The  data  were  analyzed  in  the  following  manner.  First 
DBFE  and  DA  were  performed.  For  both  methods,  the 
cumulative  eigenvalues  (variance)  for  different  feature  sets 
are  shown  in  Table  2.  These  feature  sets  were  cl2issified 
using  the  Gaussian  ML  method  and  the  ECHO  classifier 
based  on  both  original  statistics  and  enhanced  statistics. 
The  results  of  the  classifications  of  test  data  are  shown 
in  Figures  1  (DBFE)  and  2  (DA).  The  results  are  then 
summarized  in  Table  3  for  the  feature  sets  that  had  95% 
cumulative  eigenvalues.  From  Figures  1  and  2  it  can  be 
seen  that  the  ECHO  method  with  enhanced  statistics  gave 
the  highest  accuracies  for  test  data.  The  test  accuracies 
were  in  general  increasing  as  a  function  of  the  number  of 
features,  i.e.,  up  to  around  95%  variance.  When  too  many 
features  were  used,  the  Hughes  phenomenon  was  observed 
even  for  enhanced  statistics.  The  classification  results 
for  enhanced  statistics  are  especially  interesting  for  the 
ECHO  classification  which  gave  excellent  and  improved 
accuracies  for  both  DA  and  DBFE  feature  extraction. 
The  classification  maps  generated  using  the  DBFE  fea¬ 
ture  set  corresponding  to  95%  cumulative  eigenvalues  were 
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Table  3:  Summarized  Overall  Training  and  Test  Accura¬ 
cies  for  the  Classification  Methods  Applied  to  the  AVIRIS 
Data  Set  (Cumulative  Eigenvalues:  95%). 


Method 

Training 

Accuracy 

Test 

Accuracy 

DA-ML  (Original) 

95,2% 

89,2% 

DBFE-ML  (Original) 

99.9% 

94.3% 

DA-ML  (Enhanced) 

91.5% 

86.8% 

DBFE-ML  (Enhanced) 

99.4% 

94.5% 

DA-ECHO  (Original) 

99.4% 

95.5% 

DBPE-ECHO  (Original) 

99.9% 

94.5% 

DA-ECHO  (Enhanced) 

98,3% 

97.6% 

DBFE-ECHO  (Enhanced) 

99.7% 

96.2% 

Number  of  Samples 

17767 

16412 

Figure  1:  Test  Accuracies  as  a  Function  of  the  Number  of 
Features  for  the  Methods  that  Utilize  Decision  Boundary 
Feature  Extraction. 

in  many  respects  more  detailed  than  existing  geological 
maps.  In  fact,  the  classification  methods  could  accurately 
distinguish  between  several  geological  units  with  very  sim¬ 
ilar  spectral  properties.  Also,  the  probability  maps  ob¬ 
tained  in  classification  were  much  more  improved  by  using 
enhanced  statistics  as  compared  to  original  statistics. 

4.  CONCLUSION 

The  use  of  enhanced  statistics  and  feature  extraction  for 
AVIRIS  data  has  been  discussed.  The  classification  re¬ 
sults  obtained  by  using  enhanced  statistics  were  excellent, 
especially  for  the  ECHO  classifier.  The  results  demon¬ 
strate  that  enhanced  statistics,  feature  extraction,  and 
the  choice  of  classification  method  are  all  important  when 
very-high-dimensional  data,  such  as  AVIRIS  data,  are  an¬ 
alyzed. 


Figure  2:  Test  Accuracies  as  a  Function  of  the  Number  of 
Features  for  the  Methods  that  Utilize  Discriminant  Anal¬ 
ysis. 
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Abstract  -  In  this  paper,  three  physical  methods  were  used  to 
determine  solar  irradiance  by  using  ERS  ATSR-2  data.  Tlie 
schemes  were  applied  to  the  land  and  sea  areas.  Tlie  visible 
and  near-infrared  reflectance  were  derived  from  ERS-2 
ATSR-2  spectral  bands  by  using  atmospheric  radiative  transfer 
model  developed  by  Xue  and  Cracknell.  The  narrow-band 
reflectances  are  combined  into  a  measure  of  surface  albedo  by 
use  of  a  weighted  averaged  scheme.  The  schemes  were 
applied  to  the  land  and  sea  areas.  The  three  schemes  are 
agreement  very  well  each  other.  All  three  schemes  can  also  be 
developed  to  determine  the  hourly  or  daily  solar  irradiance. 
However,  our  current  analysis  is  restricted  to  a  small  range  of 
conditions  and  needs  to  be  extended  to  a  larger  dataset. 


INTRODUCTION 


The  retrieval  of  surface  solar  flux  from  satellite  radiances 
is  based  on  the  expression  of  the  atmospheric  radiative 
transfer,  or  on  statistical  relationships,  relating  the  top  of  the 
atmosphere  Ilux  to  the  surface  solar  flux.  Several  models  have 
been  developed  for  inferring  surface  irradiance  from  satellite- 
based  radiance  measurements  [1].  After  a  long  period  of 
testing,  several  of  shortwave  models  matured  to  a  stage  where 
they  could  be  implemented  within  known  limits  of  accuracy. 
Two  algoritlirns  that  have  met  the  required  accuracies  on  a 
global  scale,  have  been  developed  at  NASA  Langley  Research 
Center  by  W.  F.  Staylor  [2]  and  at  the  University  of  Maryland 
[3]. 

With  the  launch  of  ERS-2  in  April  1995,  new  possibilities 
have  opened  up.  ERS-2  carries  onboard  Along  Track 
Scanning  Radiometer  (ATSR)  which  has  a  unique  feature  of 
viewing  the  EartlTs  surface  from  two  different  angles,  i.e.,  0° 
(nadir)  and  55°  (forward)  and  in  multi-spectral  mode.  The 
instantaneous  field  of  view  (IFOV)  at  the  nadir  on  the  Earth’s 
surface  is  a  1  km  by  1  km  squcire  which  is  imaged  on  to  the 
detector  element  via  an  off-axis  paraboloid  mirror.  Xue  and 
Cracknell  [4]  gave  the  ATSR’s  technical  characteristics. 

The  paper  concentrates  on  short-wave  radiation  on  sea  and 
land  surfaces.  In  this  paper,  three  physical  methods  were  used 


to  determine  solar  irradiance  by  using  ERS  ATSR-2  data.  We 
referred  them  as  ”D  scheme",  "T  scheme"  and  "O  scheme". 


EARTH  SURFACE  ALBEDO 


Atmospheric  models  assuming  the  ground  to  be  uniform 
and  Lambertian  have  been  studied  extensively  [5].  The  aim  of 
the  paper  by  Xue  and  Cracknell  [6]  was  to  use  the 
computational  method  to  find  an  operational  method  which 
relics  on  multiple  view  angle  observations  or  multiple  solar 
zenith  angle  observations  of  the  surface  to  accomplish  part  of 
this  task  in  a  routine  manner.  In  the  paper  they  attempted  a 
solution  to  the  problem  of  the  retrieval  of  surface  reflectance 
from  satellite  radiance  measurements  based  on  a  solution  of 
the  radiative  transfer  equation  developed  further  by 
Kondratyev  [7].  The  problem  defined  for  a  horizontally- 
stratified  atmosphere  is  sufficient  to  cover  most  applications 
for  light  scattering  in  planetary  atmospheres. 

Simple  calculations  lead  to  the  following  results  of 
integration  of  the  radiative-transfer  equation  with  the 
boundary  conditions  for  a  downcoming  global  radiation  flux 
and  upgoing  global  radiation  flux.  Therefore  we  find  the 
relation  between  the  surface  albedo  A  and  the  Earth  system 
albedo.  A’,  as  observed  from  space  [6].  The  solar  zenitli  angle 
is  calculated  from  latitude,  longitude  and  time.  The 
atmospheric  optical  depth  is  determined  by  the  turbidity 
state  of  the  atmosphere. 

For  the  ERS-2  ATSR  sensor  with  two  view  angles  0’=O 
and  0’=9o,  frojn  the  model  mentioned  above,  we  have 
simultaneous  equation  for  A’  and  A’^,  which  are  the  Earth 
system  reflectance  observed  from  space  for  nadir  and  zenith 
angle  0^,  respectively  [6],  Numerical  solution  of  above 
equation,  to  give  tlie  value  of  the  total  atmospheric  optical 
thickness,  can  be  Ccirried  out  by  many  numerical  methods. 
Having  found  the  value  of  the  total  atmospheric  optical 
thickness,  we  can  derive  the  Earth  surface  albedo  from  Earth 
system  albedo. 
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PARAMETERIZATION  OF  SHORT-WAVE  RADIATION 


The  usefulness  of  satellites  in  climate  research  is  primarily 
due  to  the  ability  to  produce  global,  uniformly  distributed, 
long  term  records  of  observations.  The  three  schemes,  which 
were  used  in  the  paper  are: 

D  scheme:  From  Xue  and  Cracknel!’ s  paper  [6],  we  can 
calculate  spectral  downcoming  radiation  flux  and  upgoing 
radiation  flux. 

T  scheme:  From  the  boundary  conditions  used  for  thermal 
inertia  modelling,  Xue  and  Cracknell  [8]  used  the  expression 

Qs=  (l-A)SoCtCOsZ, 

where  A  is  the  Earth  surface  albedo,  Sq  is  the  solar  constant, 
Ct  is  the  atmospheric  transmittance  in  the  visible  spectrum  and 
cosZ  is  the  function  of  a  (the  local  latitude),  5  (the  solar 
declination)  and  00  (the  angular  velocity  of  rotation  of  the 
Earth). 

O  scheme:  Oberhuber  [9]  calculated  the  insolation  from  the 
daily  averaged  heat  flux  at  the  top  of  the  atmosphere  for 
relative  humidity  and  inclination,  the  resulting  relations 
required  to  compute  the  net  short  wave  radiative  flux  are: 

aK(l-A)  S^cos^Ti  (<d>/d)  ^ 

(  (cosTi +2.7)re(Tj/p  +  1.085cosTi+0.1)  ' 

(2) 

where  k  is  the  function  of  the  solar  elevation  at  noon  and  r| 
the  solar  elevation,  a  is  a  tuning  coefficient  and  is  set  to  0.9. 
d  denotes  the  actual  distance  between  the  sun  and  Earth  and 
<d>  its  annual  average.  The  ratio  (<d>/d)^  is  estimated  in 
terms  of  the  Julian  Day  (i.  6  is  the  solar  declination  in 
radians,  r  is  the  relative  humidity  and  e(TJ  is  the  vapour 
pressure  in  pascals  (1  Pa  =  10*^  mbar). 


TESTS  AND  RESULTS 


The  date  and  time  of  the  ATSR  data  were  2nd  August  1995 
and  11:00  GMT.  Fig.  1  shows  the  net  spectral  solar  radiation 
in  O.SVpm  channel.  Cloudy  areas  (white  plot)  were  not 
calculated.  D  scheme  can  give  spectral  reflectance, 
transmittance  and  solar  radiation  for  each  visible  channel.  T 
scheme  and  O  scheme  give  total  net  solar  radiation.  T  scheme 
gives  lower  values  in  sea  areas.  The  three  schemes  are  also 
applied  to  the  ATSR  data  (4th  June  1995)  in  deforestation 
area  (Rondonia)  in  Brazil.  Figure  2  shows  one  profile  of  the 
area.  In  T  scheme,  we  can  also  substitute  the  extraterritorial 


solar  spectral  radiation  (ToA  radiation)  for  the  solar  spectral 
irradiation  on  the  ground.  The  absolute  error  is  small  because 
of  the  linearization  relationship  between  these  two  parameters. 

Comparing  T  scheme  and  O  scheme,  we  can  see  that 

^  _ _ ttKCOSTl  (<d>/d)  ^ _ 

^  (  (COST]  +  2 .7)  re  (T^)  /p  +  1 . 085costi  +  0.1) 

(3) 

For  most  cases,  Ct  from  Eq.  (1)  is  between  0.7  -  0.60.  This 
value  is  an  averaged  value  of  atmospheric  transmittance.  But, 
for  instantaneous  solar  radiation  calculation,  Ct  can  vary  in  a 
big  range.  From  Fig.  2,  the  results  from  O  scheme  and  T 
scheme  are  agreement  with  each  other  for  the  areas  with 
atmospheric  transmittance  around  0.7  -  0.60.  So  T  scheme  can 
give  instantaneous  and  daily  averaged  solar  radiation  but  O 
scheme  can  only  give  daily  or  monthly  averaged  solar 
radiation.  O  scheme  give  smaller  values  than  that  from  T 
scheme.  In  this  paper,  instantaneous  radiation  fluxes  have 
been  calculated.  The  O  scheme  was  better  used  to  calculate 
the  monthly  averaged  radiation  flux.  It  smooths  the  fluxes. 
The  T  scheme  and  D  scheme  were  used  to  calculate  the 
instantaneous  flux.  And  monthly  averaged  flux  will  be 
obtained  from  the  instantaneous  flux. 

The  net  solar  radiation  from  D  scheme,  which  is  received 
by  four  ATSR  visible  channels,  is  only  about  20%  of  total  net 
solar  radiation.  This  agrees  with  the  conclusion  in  Iqbal  [10]. 
Also,  the  deforestation  areas  have  great  variabilities  in  solar 
irradiance,  but  the  O  scheme  can  not  give  this  point.  In  this 
paper,  instantaneous  radiation  fluxes  have  been  calculated. 


Fig.  1  The  instantaneous  net  solar  spectral  irradiance  in 
0.87pm  channel  (Aug.  2,  1995).  The  unit  is  W/m^ 
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Fig.  2  The  comparison  of  tlie  instantaneous  solar  irradiance 
calculated  by  using  three  schemes  in  Rondonia  (Jun.  4,  1995). 


CONCLUSIONS 


The  paper  demonstrated  tliat  ATSR-2  data  can  be  used  to 
determine  the  solar  irradiance  which  can  be  used  in  coupling 
GCMs  to  predict  and  simulate  the  global  climate.  Tlie 
absorbed  solar  surface  irradiance  is  usually  obtained  from 
additional  information  on  the  surface  albedo  [3J.  Fortunately, 
over  the  ocean  die  albedo  and,  tliereforc,  shortwave  exitance 
flux  is  predictable  to  good  accuracy  in  contrast  to  the 
difficulties  that  this  term  causes  over  land,  when  attempting 
to  evaluate  net  shortwave  irradiance  from  space  [11].  All 
three  schemes  can  also  be  developed  to  determine  the  hourly 
or  daily  solar  irradiance.  However,  our  current  analysis  is 
restricted  to  a  small  range  of  conditions  and  needs  to  be 
extended  to  a  larger  dataset.  With  tlie  development  of  tlie  new 
generational  remote  sensor,  ATSR,  heat  fluxes  can  be 
calculated  by  using  the  ATSR  data-set,  witli  its  very  high 
radiometric  precision,  and  in  situ  data.  We  have  in  hand  some 
research  work  on  this  and  expect  to  publish  the  results  in  due 
course. 


The  authors  thank  the  RAL,  Oxford  for  supplying  tlie 
ATSR  data. 
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ABSTRACT 

The  study  addresses  the  lack  of  controlled  linear 
least  squares  unmixing  studies  comparing  with 
standard  per-pixel  classification  techniques  at  the 
same  resolution.  A  general  forward  model  for  scene 
reflectance  is  specified  and  a  constrained  total  least 
squares  solution  is  described.  This  solution 
encompasses  previous  least  squares  unmixing 
methods.  The  Bayes  risk  for  per-pixel  classification 
is  developed  to  indicate  when  classification  may  be 
inaccurate.  Experiments  comparing  the  accuracy  of 
per-pixel  classification  and  least  squares  unmixing 
suggest  that  unmixing  is  significantly  more  accurate 
when  complete  mixing  occurs  in  the  scene, 

1.0  INTRODUCTION 

Linear  least  squares  (LS)  unmixing  offers  an 
alternative  to  standard  per  pixel  Gaussian  Maximum 
Likelihood  Classification  (MLC)  for  estimating 
vegetation  cover  when  pixel  size  is  larger  than  the 
size  of  canopy  clumps.  Problems  unmixing  include 
the  tendency  of  endmembers  with  low  spectral 
contrast  to  be  completely  confused[l];and  that 
estimates  of  single  pixel  mixtures  of  vegetation  cover 
with  20m  pixels  are  "not  very  accurate"  -  with  an  r^ 
of  less  than  0.6  [2]. 

This  study  defines  the  general  linear  LS  inversion 
model  which  includes  errors  in  endmember 
signatures,  observation  noise,  and  a  priori 
knowledge.  An  upper  bound  on  the  Bayes  risk  for 
MLC  of  mixed  pixels  is  developed  to  forecast  MLC 
performance  for  different  targets.  Lastly,  simulation 
studies  and  controlled  experiments  are  conducted  to 
determine  if  and  when  spectral  unmixing 
procedures  are  preferable  to  MLC  for  quantitative 
extraction  of  scene  components 

2.0  LINEAR  LEAST  SQUARES  METHODS 

One  possible  linear  forward  model  of  pixel 
reflectance  is: 


[A-^E'^  =  {b  +  r]  (1) 

Efe}-0  and 

E{r}  =  0  and  E{rV}  =  M 

^  >  0  and  j'x  =  1 

where  b  and  r  are  m  element  observed  reflectance 
and  additive  noise  vectors  with  noise  covariance  M; 
2L  is  an  n  element  endmember  fraction  vector; 

A  and  E  are  m  by  n  matrices;  with  column  aj 
representing  the  reflectance  signature  of  endmember 
j;  and  ej  an  additive  noise  vector  for  this  endmember 
signature  with  covariance  matrix  Nk; 

The  model  assume  that:  the  pixel  is  a  2-D  single¬ 
scattering  surface;  the  specified  endmembers  are 
sufficient;  aj  is  i  "oresentative  of  reflectances  found  in 
the  scene  for  endmember  j;the  sensor  modulation 
transfer  function  is  constant  over  the  pixel  and  zero 
elsewhere;  and  that  endmember  BRDF  variations  in 
the  scene  are  modeled  or  negligible.  These 
assumptions  allow  the  use  of  radiance  instead  of 
reflectance  data  if  endmembers  are  derived  from  the 
image. 

The  Total  Least  Squares[3]  (TLS)  formulation  solves 
(1)  by  estimating  both  endmember  signatures  and 
fractions.  The  TLS  solution  is  ill-conditioned  and  the 
optimistic  model  assumptions  make  it  suspect  as  a 
robust  unmixing  method.  A  more  robust  method 
,Constrained  TLS  (CTLS),  constrains  the  expected 
error  in  the  solution  to  match  the  errors  E  and  ^ 

min  e|||x  -^1  3  ||iV“'  {b  -  ylA:)|j  =  n  (2) 

n 

and  TV  =  ]L[axA*V*+(l-a)M]  (3) 

I 

Equation  (2)  is  similar  to  a  LS  problem  in  [4]  but 
here  N  is  a  function  of  both  the  mixture  being 
estimated  and  the  observation  noise.  A  larger  a  puts 
greater  weight  on  endmember  signatures  errors  in 
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comparison  to  observation  errors.  The  solution  for 
(2)  was  estimated  by  using  the  normalized  MLC 
probabilities  as  x  for  each  pixel  and  for  computing  N 
for  the  pixel.  The  constrained  LS  problem 
(SIJM20NE)  and  non-negative  LS  problems 
(NONNEG)  are  sub-problems  of  (2)  and  their 
solutions  are  given  in  [4]. 

3.0  THEORETICAL  ANALYSIS  OF  MLC  RISK 

For  a  two  endmember  problem  with  equal  a  priori 
probabilities  the  MLC  risk  is: 

r(d)=  0.5  f  {[1  -  Y,  +  X2]9:(b)p(b)}db 

L2 

+  OiJ  {[1  -X2+x^  (b)p(b) }  db  (4) 

p(b)  is  the  target  mixture  density  function; 
q  =  0.5  *  Pi  (b)  /  pm(b)  is  the  a  posterior  probability; 
Pm(b)  is  the  training  mixture  density  function. 

LI  and  L2  are  regions  of  b  where  MLC  decides 
endmember  1  and  2  respectively. 

If  Pm  is  estimated  only  using  pure  pixels: 

P.=N(a„iY,)  +  N(fl,,Ar,)  (5) 

Where  N(m,S)  denotes  a  Gaussian  with  mean  m  and 
covariance  S.  The  Battacharrya  bound  is: 

r(b)  ^  1 1 (6) 

Vir  I  Pf"  } 

This  result  does  not  have  the  scaling  factor 
sqrt(Pl*P2)  found  with  the  eonvaitional  Battaeharya 
bound.  However  sqrt(xi*X2)  is  always  larger  than 
0.5;  which  equals  sqrt(Pl*P2)  for  the  equal  a  priori 
case  commonly  assumed  with  MLC.  The  p/pm  term 
acts  to  increase  the  risk  for  mixed  pixel  compared  to 
pure  pixel  targets.  The  increase  in  risk  is 
proportional  to  the  flattening  of  p  which  in  turn  is 
proportional  to  the  amount  of  mixing  present. 
Equation.  6  indicates  that  MLC  accuracy  reduces 
gradually  until  the  Mahalanobis  distance  between 
target  pixels  and  endmember  spectra  is  large. 

Assessing  the  risk  of  a  LS  unmixing  algorithm  is  not 
straightforward  due  to  the  nonlinearities  brought 
about  by  constraints  in  (1).  Empirical  studies  were 
conducted  to  compare  unmixing  risk  with  MLC  risk 


for  three  cases:  pure  pixels;boundary  mixing;  and 
complete  mixing . 

4.0  EXPERIMENT  1  -  PURE  PIXELS 

A  15  channel  CASI  reflectance  image  of  a  scale 
model  of  an  Old  Jack  Pine  site  of  the  BOREAS  field 
campaign  was  acquired  at  the  York  University 
BRDF  facility.  A  29.5°  illumination  angle  was  used 
to  simulate  the  low  sun  angles  during  snow  cover 
periods  where  spectral  contrast  is  high.  The  image 
resolution  permitted  on  the  order  of  20  pixels  per 
tree  crown.  The  endmembers  used  were  sunlit 
crown  (SC),  shaded  crown  (ZC),  sunlit  background 
(SB)  and  shaded  background  (ZB).  Identification  of 
pure  pixels  was  performed  by  visual  interpretation. 

MLC,  and  NONNEG  and  SUMTOONE  unmixing 
were  performed  on  only  the  pure  pixels  using  a 
jackknife  design  for  calibration.  Table  1  reports 
classification  accuracy  and  Kappa  coefficient  where 
the  unmixing  label  is  defined  with  the  class  with  the 
largest  cover  fraction.. 


Table  I  -  Experiment  I  Classification  Assessment 


SC 

ZC 

SB 

ZB 

Kappa 

MLC 

917 

96.9 

96.7 

98.7 

0.947 

NONNEG 

20.0 

27.8 

3.5 

20.2 

-0.05 

SUM-ONE 

80.2 

39.4 

57.8 

73.2 

0.311 

MLC  was  significantly  more  accurate  than 
NONNEG  and  SUM-TO-ONE.  The  lack  of 
covariance  information  with  the  unmixing  methods 
resulted  in  confusions  for  ZC  which  lies  along  a 
trajectory  between  ZB  and  SC  in  spectral  space.  The 
shadowing  of  ZC  also  resulted  in  an  apparent  NIR 
reflectance  close  enough  to  be  confuse  it  with  SB. 

5.0  EXPERIMENT II -BOUNDARY MIXING 

A  15  Band  CASI  radiance  image  of  the  Northern 
Fen  site  of  the  BOREAS  experiment  was  used.  The 
endmembers  identified  were:  open  water,  forest 
canopy,  bare  ground,  and  mosses  and  sedge.  These 
categories  were  chosen  based  on  the  ability  to 
discriminate  them  visually  on  a  4m  x  4m  pixel 
colour  composite.  Shadows  were  minimal  due  to  a 
50°  solar  zenith  angle. 

Validation  and  training  regions  consisting  of  pure 
pixels  of  each  category  were  defined  by  visual 
interpretation.  Simulated  60m  and  116m  pixel 
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scenes  were  computed  using  mean  filtering  and 
subsampling..  The  training  areas  defined  at  4m 
resolution  were  registered  and  subsampled  as  well. 

MLC  was  performed  at  each  resolution  using  the 
training  areas  at  that  resolution.  SUMTOONE 
unmixing  was  applied  to  the  low  resolution  scenes 
using  endmembers  defined  by  the  MLC  training 
areas.  All  results  were  re-registered  and  upsampled 
to  the  original  4m  resolution  validation  areas.  The 
unmixing  result  were  classified  by  labeling  each 
pixel  with  the  class  with  largest  fraction  and  are 
given  in  Table  II.  The  upsampling  resulted  in 
duplication  of  low  resolution  pixels  biases  the  Kappa 
statistics.  However,  even  at  116m  pixels  over  300 
independent  samples  were  available  before 
upsampling.  The  Kappa  1  standard  deviation  was 
less  than  0.05  for  all  results. 


Table  II  -  Exp.  II  -  Classification  Kappa  Statistics 


4mx4m 

60mx60m 

116m 

MLC 

84.3 

84.1 

76.8 

SUM-ONE 

n/a 

79.8 

79.8 

Table  II  indicates  that  MLC  accuracy  dropped 
gradually  with  increased  mixing.  Mixing  was  not 
complete  since  the  llbrn  pixel  image  still  had 
isolated  pure  pixels.  Unmixing  was  comparable  to 
MLC  at  both  resolutions  tested.  This  result  has  not 
been  noted  elsewhere  since  most  studies  have  not 
performed  per  pixel  classification  at  the  same 
resolution  that  unmixing  was  performed. 

6.0  EXPERIMENT  III  -  COMPLETE  MIXING 

Spectra  of  red  and  black  paper  acquired  by  the  CASI 
in  10  channels  were  mixed.  Target  mixtures  of 
varying  proportions  and  additive  noise  levels  were 
tested.  Unbalanced  noise  trials  used  diagonal 
endmember  noise  covariance  matrices  with  the 
mean  variance  set  equal  to  the  mean  signal 
magnitude.  Both  the  magnitude  and  shape  of  noise 
covariance  differed  for  targets  and  their  mixtures. 
Fig.  1  shows  the  r.m.s.e  red  and  black  fraction  errors 
for  classification  and  constrained  TLS  unmixing. 

MLC  has  a  significantly  higher  r.m.s.e  than  CTLS 
with  the  exception  of  either  endmembers  of  an  equal 
mixture.  As  predicted  in  Section  3.  MLC  performs 
poorly  when  mixing  is  very  strong.  The  higher 
accuracy  at  the  midpoint  may  be  because  both 
endmembers  are  equidistant  from  it.  This  is 


implicitly  considered  in  the  sqrt(ql*q2)  term  in  (3). 
CTLC  had  consistently  low  r.m.s.e 


Figure  1.  Fraction  errors  for  MLC  and  CTLC. 


7.0  CONCLUSIONS 

A  general  formulation  for  the  linear  least  squares 
unmixing  problem  was  presented.  The  Bayes  risk  of 
MLC  forecasts  poor  performance  only  with  complete 
mixing.  Linear  LS  unmixing  was  significantly  less 
accurate  than  MLC  when  identifying  surface  cover 
of  scenes  with  little  mixing.  Linear  LS  unmixing 
was  more  accurate  than  MLC  as  mixing  increased. 
Further  research  should  focus  on  a  controlled  scaling 
experiment  to  compare  MLC  and  TLS  unmixing 
over  a  wide  range  of  scales. 
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INTRODUCTION 

The  RAster  Scanning  Airborne  Laser  (RASCAL)  sensor 
was  developed  in  1995  at  the  Goddard  Space  Flight  Center 
for  airborne  mapping  of  surface  topography.  RASCAL  is  a 
second  generation  laser  altimeter  with  application  to  both 
Earth  (airborne)  and  planetary  surface  (space-based) 
topography  measurement.  It  differs  from  earlier  nadir¬ 
profiling  laser  altimeters  (ref.l)  by  a  two-order  of  magnitude 
increase  in  pulse  repetition  rate  and  provision  for  a  near- 
contiguous  scan  pattern.  It  was  operated  in  a  NASA 
airborne  remote  sensing  program  in  California  in  September 
1995  where  it*s  ability  to  produce  a  high-resolution  (better 
than  2  m  spatial  resolution)  three-dimensional  image  of 
topography  was  demonstrated.  The  design  and  operational 
use  of  the  RASCAL  sensor  are  presented  below,  along  with 
sample  data  sets  that  demonstrate  its  ability  to  map  surface 
elevation  at  the  sub-meter  level  of  accuracy. 

INSTRUMENT  AND  MISSION  DESCRIPTION 

The  principal  of  operation  of  RASCAL  is  the  time-of- 
flight  measurement  of  10  nsec  wide  laser  pulses,  each  of  150 
pj  pulse  energy,  from  which  the  range  (i.e.  distance)  from 
aircraft  to  ground  can  be  determined.  Optical  pulses  at  523 
nm  wavelength  are  generated  by  a  Nd:YLF  Q-s witched 
diode-pumped  frequency-doubled  laser  transmitter  and 
directed  at  the  Earth's  surface  by  a  rotating  scan  mirror.  The 
pulses  are  then  received  by  a  12.5  cm  diam.  telescope  that 
is  co-located  with  the  laser  in  the  RASCAL  sensor,  detected 
by  a  nsec-response  photomultiplier  tube,  and  processed  on¬ 
board  by  timing  and  energy  measurement  electronics  in  a 
microprocessor-controlled  data  system.  The  size  of  each 
RASCAL  laser  footprint  on  the  surface  is  determined  by  the 
aircraft  height  above  ground  level  and  laser  divergence,  and 
is  nominally  maintained  at  1  m  in  diameter.  To  date,  the 
RASCAL  instrument  has  been  operated  on  the  NASA 
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Wallops  Flight  Facility  T-39  twin-turbo  jet  aircraft 
(N425NA)  using  a  nominal  straight-and-level  flight  pattern 
with  a  ground-speed  of  100  m/sec  at  an  altitude  of  500  m 
above  ground  level.  Airborne  operation  of  RASCAL  at 
5,000  laser  pulses-per-sec  produces  a  nominal  100  m  wide 
swath  of  topographic  data  with  1.67  m  along-track  and 
across-track  (i.e.  spatial)  resolution  between  each 
measurement  footprint.  The  primary  data  generated  by 
RASCAL  are  time-interval-unit  (TIU)  measurements  of  the 
round-trip  travel  time  of  each  laser  pulse  between  a  zero 
reference  surface  in  the  instrument  and  the  Earth's  surface. 
Additionally,  the  apparent  surface  reflectivity  (i.e.  detected 
pulse  energy)  of  each  laser  pulse  is  recorded.  Pulse  energy 
data  are  used  to  correct  the  time-interval  data  for  time-walk 
effects  resulting  from  surface  reflectance  variability,  on  the 
threshold  detecting  algorithm  of  the  instrument.  The 
RASCAL  time-of-flight  data  must  also  be  corrected  for 
output  beam  angle,  sensor  pointing  attitude,  and  the  global 
positioning  system  (GPS)  derived  trajectory  of  the  T-39 
airborne  platform  in  order  to  derive  accurate  values  (i.e. 
geo-referenced  values)  for  the  Earth  surface  elevation  and 
spatial  position  of  each  sensor  footprint. 

Fig.  1  is  a  block  diagram  of  the  RASCAL  sensor.  Shown 
are  details  of  the  raster  scan  generator  which  is  based  on  a 
45-sector  polygon-shaped  aluminum  scan  mirror.  This 
device  was  specially  fabricated  by  Lincoln  Laser  Corp.,  by 
means  of  a  diamond-turning  process  that  produced  close 
tolerances  for  the  mirror  surface  quality  of  each  sector  and 
sub-mrad  accuracy  in  scan  pattern  generation.  The  laser 
transmitter  is  a  diode-pumped  Nd:YLF  laser  (TFR  Model 
from  Spectra  Physics,  Inc.).  This  frequency  doubled  laser 
pulses  at  523  nm  wavelength  producing  a  visible,  mm-size 
beam  with  a  two-dimensional  gaussian  intensity  cross- 
section  and  a  2  mrad  divergence.  The  15  cm  diameter 
polygon  scan  mirror,  which  is  mounted  with  its  rotation  axis 
parallel  to  the  aircraft  flight  direction,  directs  this  high 
repetition-rate  pulsed  laser  beam  across  the  ground  track  of 
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Figure  1  -  Block  Diagram  of  the  RASCAL  altimeter 


the  aircraft  in  a  raster  pattern.  Note  that  the  transition 
between  sectors  causes  an  abrupt  retrace  (i.e.  reset)  of  the 
scan  pattern.  The  rotation  speed  of  the  mirror  is  servo- 
controlled  and  can  be  fixed  to  a  constant  rate.  A  rotation  of 
80  rpm  creates  the  contiguous  scan  pattern  for  the  current 
platform.  At  this  speed,  the  mirror  produces  60  scans  per 
sec  (45  faces  multiplied  by  80  rpm)  to  produce  the  desired 
across- track  pattern.  Ground  tests  showed  that  laser  spots 
were  stable  to  approximately  1/4  of  a  spot  diameter  in 
pointing  angle  from  the  RASCAL  sensor  and  the  scan  speed 
was  stable  to  better  than  1%.  The  45  sectors  in  the  polygon 
scan  mirror  each  occupy  an  8  degree  sector  of  the  scan 
mirror  and  produce  a  16  degree  scan  pattern  by  angle¬ 
doubling  of  the  reflected  laser  beam.  The  RASCAL 
telescope  is  a  custom-designed  refractive  optical  system 
based  on  stock,  spherical-surface  lenses  that  focus  a  12 
degree  field-of-view  onto  a  20  mm  diameter  blur  circle 
where  the  photomultiplier  tube  photocathode  is  located.  A  4 
nm  bandpass  filter  covers  the  entire  telescope  entrance 
aperture  and  provides  some  degree  of  rejection  of  solar 
background  irradiance.  The  telescope  field-of-view  was  set 
less  than  the  scan  pattern  in  order  to  eliminate,  by 
truncation,  those  laser  pulses  that  reflect  from  edges  of  each 
scan  mirror  sector.  The  effective  scan  pattern  is  a  ±  6 
degree  swath  (i.e.,  0.2  radian)  that  is  centered  on  the  aircraft 
roll  axis  and  consists  of  3,600  laser  pulses  for  topography 
measurements  per  second.  This  pattern  nominally  results  in 
a  60  by  60  grid  of  measurements  that  is  100  m  square. 

The  timing  and  pulse  energy  digitization  electronics  of 
RASCAL  are  contained  in  a  CAMAC  (IEEE  583  Bus)  crate 
along  with  various  supporting  electronics  consisting  of  a 
real-time  clock,  range-gate,  and  power  supply  modules.  The 
time-interval-unit  that  is  the  heart  of  the  RASCAL  data  is  a 
LeCroy,  Inc.,  Model  4204  time-to-digital  converter  which 
has  0.15625  nsec  timing  resolution.  These  CAMAC 


electronics  are  controlled  by  a  custom  C-language  program 
running  on  a  90  MHz  Pentium  processor.  The  flight 
software  fires  the  laser  under  external  trigger  control  and 
then  reads  the  TIU  and  pulse  energy  data  for  each  laser 
pulse.  Time  basis  is  provided  by  the  1  Hz  signal  generated 
by  the  GPS  receiver.  Ancillary  data  on  the  polygon  scan 
mirror  position  are  derived  from  a  BEI  Motion  Systems  Co. 
16-bit  shaft  angle  encoder  and  the  aircraft  roll,  pitch,  and 
heading  angles  from  a  Litton  LTN92  laser  gyroscope  inertial 
navigation  system  (INS)  and  are  read  at  a  rate  of  100 
measurements  per  sec  by  the  flight  software.  Status 
information  and  small  subsets  of  data  are  interleaved  to  the 
screen  during  data  collection  for  quality  assurance. 

A  typical,  T-39  airborne  science  flight  of  RASCAL  spans 
2.5  hours  of  data  operations  and  produces  approximately  15 
million  laser  pulse  measurements  of  surface  topography. 
The  record  from  each  flight  comprises  approximately  700 
megabytes  of  range- to- the- surface,  pulse  energy,  GPS,  and 
pointing  angle  data.  Each  mission  includes  deliberate 
measurements  of  instrument  pointing  angle  biases.  For 
these  measurements  the  T-39  aircraft  is  flown  in  a  series  of 
deliberate  banking  and  pitching  maneuvers  over  bodies  of 
water  to  produce  a  data  record  with  a  wide  variety  of  laser 
pulse  incident  angles  over  a  locally-horizontal  surface. 
Pointing  angle  data  collected  from  a  laser  gyroscope  system 
mounted  on  the  instrument  platform  are  used  in  data 
analysis  to  compute  the  pointing  biases  which  reproduce  a 
flat  surface  from  the  ranging  data.  End-to-end  length 
calibration  of  the  ranging  data  for  each  flight  is 
accomplished  by  two  passes  (in  opposite  directions)  over  the 
ground-based  GPS  reference  station  in  which  the  X-Y 
location  of  the  GPS  antenna  and  its  surface  elevation  appear 
in  the  altimetery  data.  In  addition,  intersecting  passes  over 
the  topography  of  the  science  flight  lines  are  typically  flown 
to  provide  self-consistency  tests  of  the  data  within  each 
flight  mission  and  among  all  flight  missions  over  the  same 
terrain.  Within  three  hours  of  landing  from  each  flight 
mission,  all  flight  and  ground  data  are  backed-up  on  hard 
drives  and  data  tapes,  a  GPS  trajectory  of  the  aircraft 
position  at  500  msec  intervals  with  ~  50  cm  accuracy  is 
produced,  and  laser  altimeter  data  quality  is  assessed.  Post 
flight  data  analysis  takes  place  over  the  next  few  months.  In 
this  phase,  instrument  range  and  pointing  angle  biases  are 
combined  with  a  5  cm-quality  GPS  trajectory  of  the  aircraft 
derived  from  precision  orbits  for  the  GPS  spacecraft.  The 
end  goal  of  measurements,  calibrations,  and  analysis  is  sub- 
10  cm  vertical  accuracy  in  geo-referenced  topographical 
data  for  each  RASCAL  sensor  pulse  on  the  Earth’s  surface. 
The  final  data  products  are  the  latitude,  longitude,  and 
surface  elevation  of  each  laser  pulse  which  constitute  digital 
elevation  maps  of  the  scientific  study  sites. 

DATA  ANALYSIS  METHODOLOGY 
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The  final  data  product  of  surface  elevation  for  individual 
laser  pulse  measurements  requires  many  steps  of  data 
analysis.  A  suite  of  Interactive  Data  Language  (IDL) 
routines  were  developed  for  processing  laser  altimetery  data 
in  a  UNIX  environment  on  a  SUN  Sparc  10  workstation. 
These  routines  were  developed  for  other  laser  altimeters  and 
only  slight  modifications  were  required  for  RASCAL's 
scanning  system.  Supplemental  routines  were  written  to 
accommodate  some  of  the  unique  features  of  the  scanning 
system.  There  are  several  steps  involved  in  processing  the 
data. 

Determination  of  biases  for  pointing  angle  data  and  the 
range  data  must  be  done  before  processing  can  begin  and  are 
the  first  steps  in  data  analysis.  The  aircraft,  laser  gyroscope 
angle  measurements  are  re-sampled,  to  match  the  laser  pulse 
rate,  from  the  smoothed  (i.e.  filtered)  set  of  100  samples- 
per-sec  of  the  INS  data  record.  The  INS  data  are  also  time 
shifted  to  compensate  for  transport  delay  from  the  INS  to  the 
data  system.  The  digital  encoder’s  position  as  a  function  of 
time  is  converted  to  an  output  beam  angle.  These  angles  are 
similarly  interpolated  from  the  100  sample-per-sec  record  of 
the  encoder  and  inserted  into  the  data  structure  as  a  roll  bias 
for  each  pulse.  The  aircraft  GPS  trajectory,  which  is 
available  only  at  2  Hz,  is  then  fit  with  a  cubic-spline  to 
provide  a  smoothly  varying  position  for  the  aircraft  as  a 
function  of  time  that  can  be  re-sampled  for  each  laser  pulse. 
The  next  step  is  application  of  a  range  calibration  to  each 
laser  pulse.  Range  calibration  information  is  generated  in 
ground  testing  by  operating  RASCAL  with  its  scanner 
stopped  over  a  short  (~  50  m)  horizontal  path,  measuring 
range  as  a  function  of  pulse  energy,  and  then  measuring  the 
calibration  range  with  a  steel  tape  and  a  static  GPS  survey. 
From  these  ground-based  data  a  look  up  table  of  range  vs. 
pulse  energy  is  created  to  compensate  for  time-walk  due  to 
variable  pulse  rise  times  affecting  the  threshold  detecting 
range  measurement.  The  range  correction  is  then  applied  in 
the  data  analysis  to  each  laser  pulse.  A  key  aspect  of  this 
procedure  is  determining  the  exact  distance  between  the 
RASCAL  scan  mirror  surface,  which  is  used  as  a  zero-range 
reference  surface,  and  the  calibration  target.  Finally,  all 
laser  pulse  data  are  passed  through  a  pulse  energy  filter  to 
eliminate  laser  pulses  with  too  low  or  too  high  pulse  energy. 
The  high  and  low  limits  are  set  based  on  quality  of  the  range 
calibration.  Both  high  (i.e.  saturated)  and  very  low  energy 
laser  pulses  have  excessive  (>  20  cm)  range  errors. 

After  all  data  are  prepared  and  filtered,  the  geo- 

referencing  of  each  remaining  laser  pulse  proceeds  by 
translation  and  rotation  in  a  matrix  formulation.  This 
procedure  is  derived  from  the  method  of  Vaughn  et  al  (ref. 
2)  and  was  converted  into  an  IDL  procedure.  Geo- 

referencing  involves  rotation  through  angular  offsets 
between  INS  and  scanner  reference  frames,  vector 
displacement  of  the  laser  output  point  to  the  GPS  antenna 

element,  and  translation  by  the  RASCAL  range 


measurement  to  the  Earth’s  surface.  Ail  angle  biases  are 
taken  into  consideration  when  calculating  these  rotations. 
The  end  result  is  a  latitude,  longitude  and  elevation  of  each 
valid  range  measurement  in  the  reference  frame  that  the 
GPS  trajectory  was  processed.  Typically  this  is  the  (World 
Geodedic  System)  WGS-84  reference  ellipsoid. 

OPERATIONS  COMPLETED  AND  EXAMPLES 

The  RASCAL  instrument  completed  its  first  operational 
science  deployment  during  October  1995  in  eastern  and 
southern  California.  During  a  two  week  period,  the 
RASCAL  instrument  was  shipped  to  Los  Angeles  by  air 
cargo,  hand  carried  to  Bishop,  CA,  incorporated  into  the 
Wallops  Flight  Facility  T-39  aircraft  (N425NA),  and 
employed  in  two  campaigns  of  science  investigations 
comprising  7  separate  flight  missions.  The  first  series  of 
flights  (5)  were  conducted  from  the  Bishop  Airport  over 
volcanic  terrain  of  Long  Valley  Caldera  and  a  wide  variety 
of  landforms  within  the  Death  Valley  National  Monument. 
The  second  series  of  science  flights  (2)  were  conducted  from 
Edwards  Air  Force  Base  over  terrain  along  the  San  Andreas 
fault  and  related  faults  at  the  southern  end  of  the  San 
Joaquin  Valley.  These  science  application  data  sets  will  be 
the  subject  of  future  presentations  and  journal  manuscripts. 
In  our  current  program  of  data  analysis  we  are  verifying  the 
data  analysis  methodology  described  herein  and 
investigating  data  quality.  To  those  ends,  we  provide 
examples  of  data  acquired  at  Bishop,  CA  and  the  NASA 
Dryden  Flight  Research  Center  (DFRC)  at  Edwards  Airforce 
Base,  CA. 

Fig.  2  is  an  image  of  topographic  data  collected  during  a 
RASCAL  flight  mission  on  October  13,  1995  over  the 
hangars  and  support  buildings  of  DFRC.  The  data  show  the 
main  hangar  complex  at  DFRC,  cars  parked  around  the 
various  buildings,  and  the  concrete  ramp  area  adjacent  to  the 
hangars.  The  RASCAL  surface  elevation  data  in  this  figure 
were  smoothed  in  IDL  by  tri angulation,  gridding  and  linear 
surface  fitting  of  all  valid  measurements.  Close 
examination  at  the  pixel  level  of  these  data  revealed  that 
part  of  our  ground-based  GPS  antenna  was  measured.  This 
permitted  us  to  positively  identify  the  GPS  base  station 
antenna  at  the  point  indicated  by  the  arrow  head  in  Fig.  2. 
The  RASCAL  measurements  at  this  point  were  a  mean 
surface  elevation  of  665.30  m  (WGS-84  ellipsoidal  height), 
a  latitude  of  North  39.949444140  deg.,  and  a  longitude  of 
East  242.11390015  deg.  The  measured  elevation  was 
computed  from  10  pixel  values  of  the  concrete  ramp 
surrounding  the  GPS  antenna  base.  These  data  compare  to 
the  following  values  for  the  Defense  Mapping  Agency 
marker  #1381  GSS,  which  was  embedded  in  the  concrete 
ramp  at  the  plumb  line  location  of  our  GPS  antenna.  It’s 
postion  is  reported  to  be  North  34.94944147  deg.  longitude. 
East  242.1139071  deg.  latitude  and  an  elevation  of  665.073 
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Figure  2  -  GPS  Ground  Station  and  DFRC  Hangars 


m.  The  difference  of  the  measured  surface  and  known 
location  of  the  area  indicate  an  elevation  bias  of  ~  25  cm 
with  peak  to  peak  spreading  of  the  elevation  values  of  10 
cm.  The  spatial  measurement  determines  the  location  of  the 
antenna  to  less  than  0.5  m.  This  is  an  end-to-end 
verification  of  RASCAL  airborne  topography  measurement 
accuracy.  A  second  pass  over  the  same  site  shortly  after  this 
measurement,  as  well  as  an  additional  pass  on  October  11, 
1996  gave  similar  results. 

Fig.  3  presents  a  gridded  digital  elevation  model  (DEM) 
with  1  m  pixels  produced  from  RASCAL  data  over  Lake 
Crowley  Reservoir  northwest  of  Bishop,  CA  along  the 
Owens  River.  This  image  is  a  composite  of  six  parallel 
passes  flown  at  an  offset  of  ~  100  m  to  create  a  larger  DEM 
of  the  area.  There  are  450,000  topographic  measurements  in 
this  scene  and  shading  is  based  on  surface  elevation.  Note 
the  Lake  Crowley  Dam  at  the  center  of  the  scene.  It  is  a 
concrete  dam  with  an  earthen  rampart  and  service  roads  on 
the  downstream  face.  There  are  some  artifacts  present  in  the 
data  (e.g.  triangular  wedges  in  the  water  surface  behind  the 
dam)  that  are  produced  as  the  IDL  fitting  program  acts  to 
join  data  points  where  there  are  gaps  within  a  single  scan 
(i.e.  pass)  or  between  adjacent  scans.  This  figure  serves  to 
demonstrate  the  high-resolution  topography  mapping  ability 
of  the  RASCAL  instrument  and  provides  a  indication  of 
work  to  be  done  to  verify  the  vertical  and  horizontal 
positioning  of  RASCAL  data  sets  over  topographic  features. 
We  are  now  in  the  process  of  comparing  RASCAL  data  of 
the  water  level  and  Lake  Crowley  dam  structure  to 
independent  field  measurements  with  water-level  gauges 
and  geodetic  surveys. 

CONCLUSION 

The  specific  goal  of  RASCAL  airborne  laser  altimeter 
operations  was  the  acquisition  of  geodetic-quality  DEM  data 
of  sub  meter  vertical  resolution  over  sets  of  kilometer  length 
scale,  dynamic  topography.  This  development  was 


Figure  3  -  Lake  Crowley  Dam  and  Surroundings 


sponsored  by  the  NASA  Planetary  Program  and  the 
Topography  and  Surface  Change  Program  as  a  pathfinder 
investigation  for  future,  NASA  space-based  topography 
missions.  The  initial  development  of  the  RASCAL  sensor 
and  demonstration  of  its  science  measurement  potential  are 
complete.  The  RASCAL  instrument  worked  very  well  in 
seven  flight  missions  flown  in  the  fall  of  1995  in  California 
and  demonstrated  a  new  capability  for  high-resolution,  high- 
accuracy  topography  mapping.  A  data  analysis  system  is 
also  in  place  to  produce  georeferenced  data  products 
consisting  of  high  accuracy  surface  elevation  from  the 
RASCAL  airborne  data  set.  The  first  steps  have  been  taken 
to  verify  the  geodetic  accuracy  of  the  RASCAL  scan 
observations,  and  they  indicate  the  sub-meter  level-of- 
performance. 
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Abstract  --  Spectral  mixture  analysis  is  used  to  separate  coral 
and  water  components  at  sub-pixel  scales  for  a  regional  scale 
transect  of  SPOT  imagery  across  Savusavu  Bay,  Fiji.  Coral 
fractions  on  the  ocean  floor  are  estimated  using  empirical 
optical  corrections  from  mixture  fractions  obtained  from  in 
situ  reflectance  profile  measurements  and  with  reference  to  a 
digitised  bathymetric  chart.  Additional  corrections  are  applied 
to  estimate  live  coral  abundance  by  removing  the  signal 
component  contributed  by  coral  debris.  Issues  involved  in 
regional  scale  applications  are  discussed  in  the  context  of 
future  airborne  and  satellite  image  applications. 

INTRODUCTION 

Coral  reefs  are  highly  sensitive  to  small  changes  in  ocean 
temperature  and  light  conditions,  and  are  therefore  being 
recognised  as  potentially  one  of  the  most  important  indicators 
of  global  climate  change  and  variability.  However,  it  is 
difficult  to  establish  a  consistent  observational  technique  for 
monitoring  the  condition  of  coral  reefs  over  large  areas. 
Remote  sensing  imagery  offers  the  necessary  information  for 
this  purpose,  however,  previous  approaches  have  been  limited 
to  shallow  coral  shelves  and  are  therefore  not  well  suited  to 
regional  scale  studies. 

To  address  this  problem,  we  have  applied  spectral  mixture 
analysis  techniques  to  satellite  image  data  to  separate  and 
quantify  the  water  and  coral  signal  components  [1].  In  this 
paper,  we  extend  the  analysis  to  now  consider  the  regional 
scale,  for  which  we  present  additional  methods  for  analysing 
and  correcting  coral  fractions  at  greater  depths  with  respect  to 
the  increased  heterogeneity  of  the  ocean  floor. 

STUDY  AREA  AND  DATA 

The  study  area  is  located  in  Savusavu  Bay  on  the  south  coast 
of  Vanua  Levu  island,  Fiji.  A  mid-winter  SPOT  image  was 
acquired  30  June  1994  and  corrected  for  atmospheric  effects 
using  the  6S  model  to  obtain  ocean  surface  reflectance  values. 
In  situ  optical  water  properties  were  measured  using  a 
Profiling  Reflectance  Radiometer  (PRR)  in  August  1994,  To 
obtain  estimates  of  water  depth  in  the  Bay,  a  bathymetric 
chart  was  digitised,  converted  to  image  format,  and  co¬ 
registered  to  the  SPOT  image.  A  low-pass  filter  was  applied 
to  minimise  errors  caused  by  missing  data  points  and 
irregularities  in  the  original  map.  For  this  regional  scale 
analysis,  a  33km  x  4km  transect  across  the  mouth  of 
Savusavu  Bay  was  selected  for  analysis.  The  transect 
encompasses  shallow  coral  shelves  in  the  coastal  zone,  a 
series  of  offshore  coral  ridges,  as  well  as  occurrences  of  coral 
heads  at  a  variety  of  depths. 


OPTICAL  CORRECTION  OF  MIXTURE  FRACTIONS 

Spectral  mixture  analysis  (SMA)  involves  determining  sub¬ 
pixel  scale  fractions  of  individual  scene  components  (or  end- 
members)  which  together  contribute  to  the  overall  signal 
received  by  a  remote  sensing  instrument.  For  oceans,  the 
main  components  which  comprise  the  pixel  level  reflectance 
are  the  ocean  floor  and  the  overlying  water  which  attenuates 
the  bottom  signal.  The  focus  of  our  studies  is  on  the  coral 
environment.  Beyond  the  coral  substrate,  ocean  floor  features 
such  as  sediments,  algae,  sand  and  other  materials  are  also 
present,  however,  since  these  occur  primarily  at  depths  which 
exceed  the  detection  of  passive  optical  remote  sensing 
instruments,  these  features  are  not  considered  in  the  analysis. 
Therefore,  in  the  first  stage  of  the  SMA,  we  model  sensor 
level  reflectance  (ps)  in  terms  of  the  end-member  reflectances 
of  live  coral  (pc)  and  water  (pw)»  weighted  by  their  areal 
fractions  (Fq  and  F^,  respectively)  as: 

Ps  =  Pc  Fc  +  Pw  Fw  (1) 

and  solve  the  resulting  system  of  equations  over  the  set  of 
multispectral  channels  using  a  linear  least  squares  approach. 

This  model  formed  the  basis  for  the  optical  correction  of 
scene  fractions,  as  presented  in  [1].  Here,  we  apply  these 
corrections  to  the  regional  scale  transect  across  the  Bay.  The 
major  steps  in  the  procedure  are  summarised  as  follows: 

1.  SMA  of  in  situ  PRR  profile  spectra  to  obtain  a  detailed  set 
of  water  and  coral  partial  mixture  fractions  throughout  the 
water  column  over  a  known  target  of  high  coral 
abundance. 

2.  SMA  of  regional  scale  SPOT  image  data.  The  water  end- 
member  was  chosen  from  an  area  of  deep  ocean  in  the 
middle  of  the  Bay.  The  coral  end-member  was  selected 
from  a  large  area  of  live  coral,  and  represents  the 
maximum  spectral  response  among  the  varieties  of  live 
coral  present.  The  result  of  this  step  is  coral  and  water 
fractions  at  the  ocean  surface. 

3.  Optical  correction  of  ocean  surface  fractions  to  provide  an 
estimate  of  coral  abundance  on  the  ocean  floor.  This 
involved: 

(a)  finding  the  ocean  depth  (from  digitised  bathymetry) 

(b)  computing  the  expected  coral  fraction  at  that  depth 
from  the  set  of  PRR  partial  mixture  fractions 

(c)  estimating  the  corrected  ocean  floor  coral  fraction  as  the 
coral  surface  fraction  divided  by  the  PRR  fraction  from  (b). 
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Detailed  descriptions  and  equations  for  steps  1-3  were 
presented  in  [1]  and  are  not  repeated  here.  Instead,  in  this 
paper  we  illustrate  the  application  of  this  method  to  the 
regional  scale  transect  across  Savusavu  Bay.  Figures  1  and  2 
show  the  western  extent  of  the  transect  where  the  dominant 
feature  is  a  major  coral  ridge  visible  in  the  lower  portion  of 
the  image.  Figure  1  is  the  uncorrected  coral  fraction  image 
output  from  step  2,  and  represents  the  fraction  of  the  signal  at 
the  ocean  surface  which  can  be  attributed  to  coral.  Figure  2 
shows  the  corrected  coral  fractions  for  the  ocean  floor  (step  3). 
The  main  difference  between  the  two  images  is  the  larger 
coral  fractions  in  the  corrected  image  which  result  from 
correcting  for  the  optical  effects  of  water  as  a  function  of 
ocean  depth.  This  creates  the  brighter  overall  appearance  of 
Figure  2.  Although  not  readily  visible  in  these  gray  tone 
renditions,  additional  patterns  of  change  were  noted  in  the 
corrected  image,  particularly  along  the  coral  ridge.  The  coral 
fractions  outside  the  ridge  are  also  more  consistent  in  the 
corrected  fraction  image  compared  to  the  uncorrected  image. 

Regional  Scale  Spectral  Mixture  Analyses 

In  [1],  we  analysed  a  sample  of  image  pixels  with  high 
fractions  of  live  coral  for  which  the  two  end-member  model 
was  sufficient  for  estimating  coral  and  water  abundance.  Over 
larger  areas,  however,  significant  occurrences  of  coral  debris 
will  also  be  encountered  due  to  the  nature  of  coral  evolution 
and  growth.  In  these  areas,  debris  surfaces  often  surround 
occurrences  of  live  coral.  Therefore,  it  is  important  to  account 
for  coral  debris  so  that  live  coral  abundance  will  not  be  over¬ 
estimated. 

The  spectral  response  of  coral  debris  was  lower  than  live 
coral,  however,  the  location  of  coral  debris  in  spectral  space 
was  aligned  along  the  trajectory  defined  by  the  water  and  live 
coral  end-member  reflectance  values.  Accordingly,  at  these 
wavelengths,  coral  debris  could  not  be  considered  as  an 
independent  end-member.  Instead,  the  relative  position  of 
coral  debris  along  the  trajectory  was  determined  by  a  separate 
SMA  with  the  2  end-member  model,  using  as  input  the 
average  spectra  from  a  representative  sample  of  coral  debris. 
Then,  in  areas  of  coral  debris,  the  live  coral  abundance  can  be 
corrected  by  subtracting  the  SMA  coral  debris  fraction. 

This  first  order  correction  was  tested  for  a  large  area  of  coral 
debris  along  the  Savusavu  Bay  transect.  The  corrected  ocean 
floor  coral  fractions  were  adjusted  for  coral  debris  to  provide 
an  improved  estimate  of  live  coral.  Coral  fraction  results 
before  and  after  the  correction  were  grouped  into  10%  interval 
classes  as  summarised  in  Figure  3.  In  areas  of  high  coral 
abundance  (e.g.  >30%),  the  difference  between  live  coral  and 
the  original  (live  coral  and  debris)  fraction  is  small.  These 
areas  are  not  common,  as  their  frequency  in  the  test  site  is 
consistently  low  (~2%  of  the  total  number  of  pixels  per 
class).  Conversely,  we  observe  greater  magnitudes  of 
correction  throughout  the  majority  of  the  test  sites  (coral 


fractions  <30%).  In  these  areas,  coral  debris  comprises  a 
significant  portion  of  the  overall  coral  signal  determined  from 
the  two  end-member  SMA  model.  In  particular,  for  fractions 
<10%,  the  difference  in  occurrence  of  live  coral  and  the 
original  coral  fraction  is  large,  suggesting  a  dominant  coral 
debris  cover  in  these  areas.  Although  the  coral  fractions  are 
low  in  these  areas,  their  large  spatial  extent  makes  this 
correction  important  as  otherwise  a  significant  overestimation 
of  coral  fraction  would  result  if  the  coral  debris  and  live  coral 
signals  were  not  separated. 

CONCLUSIONS  AND  FUTURE  WORK 

Methods  for  linking  multi-sensor  spectral  mixture  fractions 
have  been  presented  for  determining  coral  fractions  at  the 
ocean  surface  and  for  correcting  these  fractions  to  provide  an 
estimate  of  ocean  floor  coral  abundance.  At  the  regional  scale, 
additional  corrections  are  required.  In  this  paper,  progress  has 
been  made  towards  correcting  the  fraction  of  live  coral 
through  the  specification  and  removal  of  coral  debris 
components.  The  ability  to  compute  first  order  estimates  of 
coral  and  water  fractions  provides  useful  information  which  is 
also  amenable  to  a  variety  of  different  corrections  applied  to 
the  mixture  fractions  obtained. 

For  future  work,  the  increased  number  of  ocean  floor  features 
encountered  over  larger  areas  hig.ilights  the  need  for  increased 
spectral  resolution  data.  Future  use  of  hyperspectral  airborne 
imaging  spectrometers  as  well  as  data  from  the  Earth 
Observing  System  offer  considerable  promise.  Improved 
methods  for  obtaining  high  quality  digital  bathymetric 
information  would  also  be  required.  Application  of  the  ideas 
presented  in  the  present  study  to  higher  quality  data  sets 
linked  to  field  verified  sites  has  the  potential  to  be  a  valuable 
component  in  the  monitoring  of  coral  reef  ecosystem  health 
within  the  context  of  regional  and  global  scale  studies  of 
environmental  change. 
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Figure  1:  Uncorrected  coral  fraction  image  for  the  ocean  surface. 


Figure  2:  Corrected  ocean  floor  coral  fraction  image. 


11%  Savusavu  Bay  Regional  Transect 

A 


Coral  Fraction  (%) 


Figure  3:  Correction  for  coral  debris  for  different  coral  fractions. 
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Abstract  -  The  emphasis  of  this  paper  is  on  the 
implementation  of  SAR  Inteferometiy  at  CSRE, 
Indian  Institute  of  Technology,  Bombay.  ISAR 
software  by  ESA  was  used  for  generating  the 
fringes  and  the  phase  unwrapping  software  was 
developed  in-house.  A  test  site  around  the 
western  ghats  was  chosen  for  testing  the 
software. 

INTRODUCTION 

SAR  Interferometry  is  a  promising 
technique  for  various  applications  like 
producing  3-D  relief  maps,  detecting  and 
monitoring  small  changes  of  surface  shape 
caused  by  crustal  movement  and  land  slides, 
mitigation  of  volcanic  hazard  and  generally 
monitoring  changes  in  surface  geophysical 
parameters. 

Realising  the  importance  of  SAR 
Interferometry,  CSRE  at  IIT  Bombay  has  taken 
up  the  project  entitled  -  “SAR  Interferometry  for 
topography  and  earth  surface  movement’’ 
sponsored  by  ISRO-IITB  Space  Technology 
Cell,  Under  this  project  ISAR  software, 
developed  by  ESA  has  been  implemented  on  a 
DEC  ALPHA  system.  The  phase  unwrapping 
software  was  also  developed  around  the  same 
system.  The  subsequent  sections  describe  the 
processing  the  SLC  data  using  the  ISAR 
software,  phase  unwrapping  etc. 

TEST  SITE  AND  DATA  SETS 

The  study  area  is  a  part  of  Ratnagiri 
district  on  the  west  coast  of  Maharashtra  lying 
between  16°  50’  to  17°  23’  North  Latitude  and 
73°  15’  to  73°  46’  East  Longitude. 
Physiographically  the  study  area  can  be  divided 
into  three  parts  as  coastal  plains,  Sahyadri  hills 
and  undulating  uplands.  The  height  of  the 
terrain  varies  from  20  m  to  400  m  above  the 
mean  sea  level. 


Two  SAR  scenes  of  ERS-1  acquired  on 
13th  and  19th  February  1992  have  been 
obtained  from  NRSA.  The  normal  baseline  for 
the  two  scenes  is  267m.  Several  subimages  of 
512*512  were  taken  for  generating 
interferometry  and  one  set  of  images  are  given 
as  illustration. 

IMPLEMENTATION  OF  THE 
ISAR  SOFTWARE 

We  have  obtained  the  ISAR 
(Interferometric  SAR)  software  developed  by  the 
Politecnico  di  Milano,  Italy,  the  details  of  which 
are  given  in  [1].  We  have  used  the  software  for 
processing  the  SLC  SAR  data  for  the  Ratnagiri 
area  and  have  been  successful  in  generating  the 
interferometric  fringes  for  it.  Figures  1-4 
illustrate  the  various  steps  in  the  processing  of 
the  SLC  data. 

PHASE  UNWRAPPING 

The  ISAR  software  leaves  us  at  the 
stage  where  we  have  a  “wrapped”  phase  value 
corresponding  to  every  pixel  in  the  grid.  By 
wrapped  we  mean  the  value  (  as  from  any 
interferometrical  experiment )  is  between  -n  and 
71.  The  basic  aim  of  phase  unwrapping  is  to 
generate  the  total  or  2n7r  value  of  the  phase 
from  this  wrapped  phase. 

A  variety  of  techniques  have  been 
proposed  in  the  past  few  years  in  an  attempt  to 
solve  this  problem.  We  analyzed  most  of  the 
techniques  such  as,  integration  of  differences 
[2],  the  incorporation  of  branch  cutting  into 
integration  [3],  cellular  automata  [4]  and  the 
robust  technique  [5]. 

We  have  implemented  the  robust 
technique  for  which  the  time  taken  for 
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unwrapping  is  small  (of  the  order  of  10  sec.  for 
a  512*512  grid). 

Having  implemented  the  Robust 
technique  (  till  now  we  have  used  DCT’s  to 
solve  the  Poisson  equn)  we  have  tested  it  on  a 
variety  of  synthetically  generated  images.  What 
we  are  doing  currently  is  to  merge  the  ideas  of 
the  integration  technique  (the  part  concerning 
residue  location)  and  then  form  a  weighted 
wrapped  phase  value  grid  on  which  we  can  use 
the  Robust  technique. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  radar  image  of  a 
part  of  the  study  area  in  which  the  ridges  on 
west  running  North-South  and  also  on  the 
South-East  comer  are  clearly  visible.  In  between 
there  is  a  valley  portion  with  a  drainage  line. 
Figure  2  gives  the  interference  fringes  developed 
for  the  area  corresponding  to  Figure  1.  The 
fringes  corresponding  to  the  ridge  lines  are 
clearly  visible  on  both  the  comers.  In  the  middle 
of  the  ridges  the  shape  of  the  fringes  indicates 
the  effects  of  shadow.  Figure  3  and  4  show  the 
slope  images  in  the  azimuth  and  range 
directions.  Due  to  the  viewing  geometry  of  the 
S  AR,  only  the  Eastward  slopes  are  visible.  There 
is  an  uncertainty  in  quantifying  the  slopes  which 
are  in  the  shadow  region. 

Figures  5  and  6  show  the  wrapped  and 
unwrapped  images  for  a  synthetically  generated 
surface.  The  unwrapped  image  agrees  well  with 
the  simulated  surface.  We  are  now  working  on 
the  fringes  generated  for  the  Ratnagiri  area. 
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Fig.5  Wrapped  Phases. 
Fig.6  Unwrapped  Phases. 
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Fig.l  Amplitude  Image. 


Fig.2  Interferometric  Fringes. 


Fig.3  Azimuth  Slopes. 


Fig.4  Range  Slopes. 
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Abstract 

Several  stratospheric  trace  gases  can  be  remotely 
sensed  by  groiindbased  millimeterwave  radiometry.  Al¬ 
titude  profiles  of  the  volume  mixing  ratios  of  those  gases 
can  be  retrieved  from  measured  spectral  lineshapes  due 
to  the  altitude  dependent  pressure  broadening  of  the  line. 
However,  measured  spectra  are  frequently  disturbed  by 
device-caused  standing  waves  due  to  reflections.  As  a 
consequence  the  retrieval  of  altitude  profiles  from  the 
spectra  requires  a  more  sophisticated  analysis.  In  this 
paper  a  new  extension  of  two  well  known  standard  inver¬ 
sion  algorithms  will  be  given  for  the  inversion  of  spectra 
with  superimposed  standing  waves  by  simultaneously  fit¬ 
ting  their  amplitudes  and  phases. 

INTRODUCTION 

A  common  problem  in  millimeterwave  radiometry  is 
the  presence  of  device-caused  standing  waves  due  to  man¬ 
ifold  reflections.  Although  these  unwanted  effects  can  be 
reduced  by  inserting  a  dielectric  periodically  or  modulat¬ 
ing  the  optical  pathlength  mechanically  a  complete  elim¬ 
ination  of  standing  waves  cannot  be  achieved  in  most 
cases.  It  is  obvious  that  this  complicates  the  retrieval 
of  altitude  profiles  considerably,  since  microwave  radiom¬ 
etry  as  a  remote  sensing  technique  obtains  it’s  altitude 
information  solely  from  the  pres  sure- dependent  width  of 
rotational  emission  lines.  To  overcome  these  difficulties 
one  either  has  to  eliminate  the  remaining  standing  waves 
from  the  measured  spectra  numerically  before  inverting 
them  using  standard  retrieval  techniques  or  has  to  include 
the  effect  of  standing  waves  in  the  inversion  algorithm 
itself.  The  first  technique  turns  out  to  be  numerically 
less  attractive,  since  the  standing  waves  are  superimposed 
on  in  principle  unknown  true  spectra.  As  a  consequence 
common  optimization  techniques  cannot  be  applied  and 
the  rigorous  elimination  of  standing  waves  from  the  mea¬ 
sured  spectra  becomes  numerically  extremely  expensive 
(see  e.  g.  [1]  for  details).  The  second  method  seems  to 
])e  much  more  promising.  As  a  first  approach  Nedoluha 
[2]  suggests  to  incorporate  the  effect  of  standing  waves  in 
the  corresponding  error  covariance  matrix  using  an  op¬ 
timal  estimation  technique  [3]  for  inversion.  However,  a 
disadvantage  of  this  method  is  that  the  influence  of  the 


standing  waves  on  the  inverted  altitude  profiles  is  not 
completely  neutralized  and  that  in  addition  to  the  peri¬ 
ods  of  the  superimposed  standing  waves,  which  can  be 
deduced  from  the  effective  length  of  the  resonators  in  the 
measurement  device,  their  amplitudes  have  to  be  known 
at  least  approximately.  We  therefore  suggest  a  new  ex¬ 
tension  of  Twomey’s  linear  constraint  inversion  (LCI)  [4] 
and  Rodgers’  optimal  estimation  technique  (OEM)  [3]  for 
completely  neutralizing  the  effect  of  standing  waves  on 
the  inverted  profiles  in  the  inversion  procedure  itself  by 
simultaneously  fitting  their  amplitudes  and  phases  and 
assuming  their  periods  to  be  known. 

INVERSION  TECHNIQUES 

In  a  first  step  the  nonlinear  problem  of  retrieving  at¬ 
mospheric  parameters  from  a  measured  spectrum  has  to 
be  reduced  to  solving  a  Fredholm  integral  equation  of  the 
first  kind  (which  has  no  unique  solution  in  general)  by  lin¬ 
earizing  the  radiative  transfer  equation  [5].  The  integral 
equation  can  then  be  further  simplified  by  approximating 
the  integral  by  a  sum  leading  to  a  linear  equation  system 

9e  =  (1) 

In  (1)  /  represents  the  unknown  altitude  profile  and 
the  observed  spectrum  along  with  the  measurement  noise, 
which  is  described  by  a  limited  number  of  sampling  fre¬ 
quencies.  Given  a  measured  spectrum  and  the  matrix 
A  the  fundamental  problem  in  solving  (1)  lies  in  the  fact 
that  A  is  always  very  close  to  being  singular.  Thus  addi¬ 
tional  information  is  needed  to  make  the  solution  for  the 
profile  f  unique. 

Twomey  takes  this  into  account  by  introducing  a  priori 
information  (constraints)  in  form  of  an  additional  linear 
equation  system 

T*  =  Bf  (2) 

and  combining  it  with  the  contribution  of  the  observed 
spectrum  to  give  the  regularized  solution 

[A^Cge  +  .  (3) 

In  (3)  the  so-called  regularization  parameter  7  trades  the 
a  priori  information  off  against  the  measurement  and  has 
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to  be  specified  by  the  user;  the  diagonal  matrix  C  permits 
weighting  the  measurements  of  each  channel  individually. 

Rodgers  combines  the  outcome  of  the  measured  spec¬ 
trum  with  an  a  priori  profile  / 


(4) 


using  the  inverse  of  the  measurement  noise  convariance 
Ss  and  a  priori  convariance  S/  as  weights,  respectively. 


INCLUDING  STANDING  WAVES 

To  incorporate  the  effect  of  standing  waves  in  the  above 
linear  inversion  techniques,  the  nonlinear  problem  of  fit¬ 
ting  the  amplitudes  A  and  phases  4>  of  sine  waves  of  the 
type 

Asin{ku  A  (p)  (5) 

must  first  be  linearized.  This  can  be  easily  achieved  by 
rewriting  (5)  as 


a  sin(A;  u)  cos{k  v) 


(6) 


and  fitting  the  parameters  a  and  6,  where  A  =  \/ a?  -f 
and  tan(^  =  b/a.  Thus  the  superposition  of  the  true 
spectrum  in  (1)  with  a  standing  wave  can  be  written  as^ 


fan  ■ 

(h\ 

V«nl  • 

\f mj 

/  cos{ki/i)\ 

a 

j 

+M  ; 

\sin{kvn)) 

ycosikun)/ 

(7) 


Computationally  it  is  more  convenient  to  combine  the 
unknown  vector  /  with  the  unknown  parameters  a  and  b 
to  the  new  vector  /',  leading  to  the  new,  primed  linear 
equation  system 
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This  new  linear  equation  system  can  be  solved  in  the  same 
manner  as  the  original  equation  system  (1).  However,  at¬ 
tention  must  be  paid  to  the  fact  that  the  inverse  problem 

^For  the  sake  of  simplicity  we  shall  assume  that  only  one  stand¬ 
ing  wave  is  superimposed  on  the  true  spectrum.  The  extension  to  a 
superposition  with  several  standing  waves  of  different  amplitudes, 
periods,  and  phases  is  obvious. 


as  such  is  ill  conditioned  and  has  to  be  regularized,  while 
the  parameters  a  and  b  can  be  deduced  from  the  above 
equation  unambiguously.  The  constraint  of  merely  partly 
regularizing  the  solution  vector  f'  can  be  met  by  setting 
the  corresponding  elements  of  the  solutions  (3)  and  (4) 
to  zero,  yielding 


(b'^B  0  oV 

(B'^r\ 

A''^CA' +A  0  0  0 

A''^Cge  +  'f^\  0 

1 - 

o 

o 

\o/ 

(9) 


or 
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(10) 

for  the  LCI  or  OEM,  respectively.  Similar  to  the  way  of 
fitting  amplitudes  and  phases  of  sine  waves,  additional 
linear  parameters  such  as  the  offset  or  slope  of  the  mea¬ 
sured  spectra  can  be  adjusted  [6]. 


RESULTS 

In  order  to  demonstrate  the  utility  of  the  above  algo¬ 
rithms,  we  perform  a  simple  numerical  experiment  using 
the  142  GHz  line  from  ozone.  Starting  from  the  arbi¬ 
trarily  chosen  profile  of  ozone  (dashed  line  in  Fig.  1)  we 
first  calculate  the  synthetic  spectrum  to  be  observed  from 
ground  at  zenith  angle,  neglecting  the  effect  of  the  tro¬ 
posphere.  We  then  superimpose  three  standing  waves 
with  amplitudes,  periods,  and  phases  according  to  table 
1  (columns  1  to  3)  and  add  a  measurement  noise  of  the 
amplitude  0,1  K  for  each  channel  of  1  MHz  bandwidth  to 
make  the  study  more  realistic.  The  resulting  spectrum  is 
shown  in  Fig.  2  (broadened  dotted  line).  Finally  we  apply 
the  extension  of  Twomey’s  LCI  on  this  synthetic  spec¬ 
trum  and  use  the  smoothness  of  the  profile  as  a  further 
constraint;  for  this  case  the  dashed  line  shown  in  Fig.  1 
serves  as  a  first  guess.  The  retrieved  profile  is  depicted 
in  Fig.  1  (full  line)  while  the  corresponding  spectrum  is 
shown  in  Fig.  2  (full  line)  and  is  shifted  down  by  1,5  K 
for  the  sake  of  clarity.  It  is  easily  seen  in  both  figures 
that  the  retrieval  procedure  works  very  satisfactorily,  in 
spite  of  the  presence  of  standing  waves  and  measurement 


Table  1:  Fit  of  standing  waves 


Nr. 

period 

GHz 

ampl. 

K 

phase 

degrees 

ampl.* 

K 

phase* 

degrees 

1. 

0,7465 

0,8 

30 

0,804 

30,15 

2. 

0,403 

0,6 

60 

0,596 

60,85 

3. 

0,113 

0,4 

90 

0,401 

89,67 
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Figure  1:  Altitude  profiles  involved,  see  also  [6]. 


noise  in  the  spectrum.  From  the  parameters  a  and  6, 
which  have  been  fit  for  each  standing  wave,  one  now  can 
easily  deduce  the  amplitudes  and  phases  of  the  superim¬ 
posed  standing  waves  (see  columns  4  and  5  in  table  1). 
Since  they  are  in  good  agreement  with  the  actually  su¬ 
perimposed  standing  waves  we  deduce  that  only  the  true 
spectrum  contributed  to  the  retrieved  profile,  as  desired. 

CONCLUSION 

A  new  extension  of  the  LCI  and  OEM  inversion  tech¬ 
niques  has  been  suggested  and  proven  to  be  very  success¬ 
ful  and  reliable  in  the  retrieval  of  atmospheric  profiles 
from  spectra  disturbed  by  device  caused  standing  waves 
in  many  cases.  In  addition  it  is  easy  to  implement  and 
does  not  afiect  the  efficiency  of  the  inversion  algorithms 
distinctly. 
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Abstract  -  This  paper  describes  the  new  radiometer 
system  operating  in  the  278  GHz  range,  which  is  intended 
for  long  term  ground-based  monitoring  of  the  vertical 
profiles  of  chlorine  monoxide  and  ozone  in  the  strato¬ 
sphere  over  the  arctic  area.  To  improve  the  measurement 
of  weak  lines,  in  particular  in  view  of  their  diurnal 
variation  [3],  and  to  allow  operation  over  a  wider  range 
of  weather  conditions,  an  advanced  balancing  technique 
has  been  implemented.  Results  of  recent  measurements 
during  February  and  March  1996  at  Kiruna,  Sweden,  are 
presented. 


HARDWARE  DESCRIPTION 

The  frontend  consisting  of  a  heterodyne  receiver  with 
quasioptical  transmission  and  the  calibration  system  are 
schematically  presented  in  Fig.  1.  To  suppress  both  noise 
and  atmospheric  signatures  from  the  unused  lower  side¬ 
band,  a  Martin-Puplett  type  interferometer  (SSB)  with  a 
cooled  sideband  termination  is  used,  which  in  particular 
eliminates  the  strong  ozone  line  at  274.478  GHz.  A  second 
interferometer  of  the  same  type  acts  as  diplexer  and  feeds 
the  local  oscillator  (LO)  to  the  signal  path. 

The  LO  operating  at  276.3  GHz  uses  a  Gunn  oscilla¬ 
tor  at  92.1  GHz  to  drive  a  tripler.  For  high  frequency 
stability  a  phaselock  system  is  included.  The  downcon- 
version  of  the  millimeterwave  signal  to  the  intermediate 
frequency  of  2.1  ±  0.5  GHz  is  performed  by  a  cryogenic 
single-ended  Schottky  mixer  operating  at  a  temperature 
of  about  100  K,  The  dewar  for  LN2  bath  cooling  simulta¬ 
neously  accomodates  the  low  noise  IF  amplifier  and  two 
cold  loads.  The  systems  noise  temperature  including  qua¬ 
sioptics  and  the  low-noise  cryogenic  amplifier  is  1200  K  in 
the  middle  of  the  observation  bandwith.  The  basic  front- 
end  was  manufactured  in  1993  by  Radiometer  Physics. 

Baseline  ripples  caused  by  standing  waves  in  the  trans¬ 
mission  path  are  suppressed  by  a  mechanical  path  length 
modulator  placed  in  front  of  the  single  sideband  filter. 
A  rooftop  like  mirror  reciprocating  at  65  Hz  changes  the 
optical-path  length  by  about  0.4  mm  [2]. 


The  high  spectral  resolution  of  1  MHz  over  an  in¬ 
stantaneous  IF  bandwith  of  1  GHz  is  achieved  by  the 
acusto-optical  spectrometer,  which  has  been  developed 
and  manufactured  at  the  University  of  Cologne  [5]. 


Figure  1:  Schematic  diagramm  of  the  278  GHz  radiometer 


CALIBRATION  SCHEME 

For  the  measurement  of  very  weak  lines  as  in  the  case  of 
ground  based  CIO  profiling,  the  hot- cold  calibration  fails 
to  achieve  satisfactory  results.  Baseline  distortions  due  to 
system  nonlinearities  are  the  drawback  of  this  calibration 
method. 
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In  the  radiometer  system  to  be  presented,  an  advanced 
balancing  technique  has  been  implemented.  It  is  based 
on  an  innovative  calibration  load,  which  provides  any  nec¬ 
essary  brightness  temperature  within  the  range  from  the 
cryogenic  to  the  ambient  temperature  with  high  precision 
by  mechanical  adjustment  (e.g.  using  a  servo  loop).  In 
contrast  to  the  well  established  external  beam  switching 
technique,  where  a  second  path  from  the  atmosphere  (seen 
through  a  lossy  dielectric  sheet)  is  used  for  reference  [1], 
residual  spectral  lines  from  the  atmosphere  are  excluded 
with  this  adjustable  load  and  thereby  a  higher  signal  to 
noise  ratio  of  the  measured  spectral  line  is  achieved.  This 
considerably  improves  the  measurement  of  weak  lines  and 
extents  the  usable  range  of  weather  conditions.  A  separate 
paper  dealing  with  this  new  balancing  technique  in  more 
detail  is  under  preparation. 

The  spectral  line  Teune  measured  at  the  elevation  angle 
9  with  this  technique  is  given  by 


'I'oiine  — 


S-R 

R 


{'Rcont  Tree) 


(1) 


where  Tcont  and  Tree  are  the  brightness  temperatures  of 
the  tropospheric  continuum  and  the  receiver  noise  tem¬ 
perature,  respectively.  The  frequency  dependence  of  all 
components  of  (1)  is  omitted  for  clarity.  To  avoid  errors 
caused  by  fluctuations  of  the  tropospheric  continuum  or 
changes  of  the  observation  angle  (the  elevation  angle  is  al¬ 
ways  chosen  for  maximum  line  contrast)  one  has  to  correct 
their  influence  on  the  measured  line  before  the  data  can 
be  integrated.  This  is  done  by  computing  the  spectral  line 
Tzenith  as  it  would  be  observed  toward  zenith  and  without 
the  presence  of  the  troposphere: 


Figure  2:  Computed  spectrum 


Frequency  [GHz] 


rp  _  ^ ^  (Tcont  ^  Tree) 

1  zenith-  ^ 

The  receiver  noise  temperature  Tree  as  well  as  the  bright¬ 
ness  temperature  of  the  troposphere  Tcont  are  calculated 
from  supplementary  hot-cold  calibrated  measurements, 
which  are  performed  periodically  every  10  minutes.  The 
stratospheric  air  mass  Aos  is  obtained  from  spherical  ge¬ 
ometry,  whereas  the  tropospheric  opacity  ro  results  from 
the  continuum  temperature  Tcont  and  the  physical  tem¬ 
perature  at  the  site  as  discribed  by  [1]. 

RESULTS 

During  the  recent  campaign  at  Kiruna  (67, 84°N, 
20, 41°E),  spectra  of  CIO  and  other  constituents  have  been 
measured  on  a  regular  schedule,  which  seem  to  be  suitable 
for  inversion  [6].  The  new  calibration  method  proved  to 
be  suitable  at  least;  a  careful  evaluation  of  the  merits  will 
follow  after  a  thorough  analysis  of  the  measurement  re¬ 
sults. 


Figure  3:  Daytime  and  nighttime  raw  spectra  measured  on 
March  1-2,  1996.  An  offset  of  -0.2  K  has  been 
added  to  the  nighttime  spectrum  for  clarity 

As  an  exemple  of  the  recent  results,  day-  and  nighttime 
raw  spectra  in  the  vicinity  of  the  278,633  GHz  ClO-line  are 
presented  in  Fig.  3.  For  comparison  the  calculated  spec¬ 
trum  is  given  in  Fig.  2.  The  difference  spectrum  (Fig.  4) 
clearly  shows  the  change  of  the  ClO-line,  whereas  the  es¬ 
sentially  stronger  and  overlaping  03-line  just  111  MHz 
below  as  well  as  the  obvious  baseline  ripple  are  almost 
completely  suppressed.  The  differences  of  successive  mea¬ 
surement  periods  of  typically  2,5  h  to  a  suitable  nighttime 
reference  period  of  similar  length  (Fig.  5)  show  the  diurnal 
variation. 

CONCLUSION 

The  weak  ClO-line  at  278,633  GHz  has  been  measured 
successfully  at  the  very  first  attempt  in  spite  of  the 
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Figure  4:  Difference  of  daytime  and  nighttime  spectra 
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Figure  5:  Diurnal  variation  of  the  CIO  line 


residual  baseline  ripples  and  instabilities  both  in  the 
system  and  in  the  troposphere.  This  indicates  interesting 
features  of  the  new  calibration  method  used.  Neverthe¬ 
less  continued  effort  is  required  to  further  elaborate  the 
calibration  method  and  to  improve  the  radiometer  system. 
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Abstract  —  Polarimetric  SAR  data  have  been  frequently  utilized 
to  classify  terrain  types.  This  paper  compares  two  terrain 
classification  approaches:  1)  classification  based  on  the  target 
decOTiposition  theorem,  and  2)  classification  based  on  the  multi¬ 
variate  complex  Wishart  distribution. 

Target  decomposition  theorems  were  develq)ed 
recently  for  extracting  geophysical  information  of  scattering 
media.  The  averaged  Mueller  matrix  or  its  equivalent  was 
decomposed  into  components  for  a  thorough  study.  Parameters 
were  introduced  to  characterize  the  physical  aspect  of  the 
scattering  process  and  they  are  used  for  unsupervised 
classification. 

From  a  different  point  of  view,  the  statistical  property 
of  the  polarimetric  covariance  matrix  has  been  modeled  with  a 
complex  Wishart  distribution.  Supervised  and  unsupervised 
classification  based  on  this  distribution  reported  good  results. 

We  present  results  of  supervised  classifications  using 
both  methods.  Comparistxis  are  made  on  the  accuracy  of  these 
two  classificaticHi  schemes.  Possible  reasons  for  the  cause  of 
errors  are  discussed.  The  NASA/JPL  San  Francisco  data  is 
chosen  for  illustration. 

INTRODUCTION 

Polarimetric  SAR  imaging  data  have  been  utilized  to 
analyze  the  geophysical  parameters  of  the  terrain  for 
identification  and  segmentaticxi.  Target  decomposition  theorems 
have  been  developed  to  decompose  the  averaged  Mueller  or 
equivalent  matrices  into  independent  components  that 
characterize  the  scattering  process  [1].  The  goal  is  to  find  a 
formulaticHi  for  better  predictions  on  the  geophysical 
conqK)sitions  of  the  sensed  target  area.  Cloude  approaches  it  as 
an  eigenvalue  problem  [1],  [2].  He  also  applied  it  for 
unsuf)ervised  terrain  classification 

From  a  statistical  approach,  Lee  et  al.  modeled  the 
polarimetric  covariance  matrix  with  a  complex  Wishart 
distribution  [3].  Supervised  and  unsupervised  classification 
based  on  this  distribution  have  been  applied  successfully  in 
terrain  classification  [4]. 

In  this  paper,  we  adopted  the  entropy  and  the  angles 
associated  with  the  maximum  eigenvector,  that  were  introduced 
by  Cloude  as  the  feature  components  for  supervised 
classification.  The  results  are  compared  with  that  obtain^  based 
on  the  Wishart  distributiwi.  Discussions  are  made  on  the  merits 
of  these  two  approaches. 


TARGET  DECOMPOSITION  THEOREM 

The  Cloude's  theorem  is  based  on  eigenvector  analysis 
of  the  multi-lod:  coherency  matrix  [T].  Coherency  matrix  and 
Mueller  matrix  are  uniquely  related.  The  decomposition 
procedure  resolves  the  coherency  matrix  into  a  summation  of 
three  independent  matrices.  Each  one  corresponds  to  a 
statistically  independent  target  component.  The  associated 
eigenvalues  give  the  relative  strength  of  each  contribution.  The 
data  produced  from  this  analysis  is  then  examined  for  extraction 
of  meaningful  information.  For  a  media  with  reflection 
symmetiy,  the  general  form  of  an  averaged  coherency  matrix  can 
be  expressed  as  [2] 


<[T]> 


jc08«£ma(ij-Aj)c  JLjCOg^n 0  |(1) 

0  0  A, 


v/bisrc  X*s  are  the  eigenvalues,  a  and  6  are  determined  from  the 
eigenvector  associated  with  the  maximum  eigenvalue.  To 
account  for  the  possible  deviation  frenn  reflection  symmetry  of 
the  media  and  the  correlations  existed  between  the  cross- 
polarized  and  co-polarized  returns,  the  maximum  eigenvector  is 
modified  as 

*  [cosac^  smacosPe^*  sinasinpe^^]^  (2) 

where  angles  p,  6,  and  p  are  introduced  to  accommodate  the 
afcxementicxied  physical  facts.  A  quantity  describing  the  relative 
magnitudes  of  the  three  scattering  mechanisms  in  the  scene  was 
introduced  as  the  entropy  and  defined  by 

H-E-P,log,Pi 

j-t 

Its  value  varies  between  0  and  1.  A  analler  value  closer  to  0 
indicates  that  the  radar  returns  are  contributed  mainly  by  a  single 
scattering  medianism.  A  value  cIosct  to  1  signifies  a  depolarized 
radar  return,  and  the  scattering  process  is  random  in  nature.  It 
implies  that  the  media  is  likely  to  be  inhomogeneous  in  structure 
and/or  in  material  composition.  The  value  of  the  parameter  a 
depends  on  the  denninant  scattering  mechanism,  ranging  from  0 
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for  surface  scattering  through  n/4  for  dipole  scattering  to  ir/2  for 
dihedral  scattering.  Other  angles  have  different  physical 
interpretations.  Some  of  these  parameters  had  been  utilized  to 
interpret  the  scattering  from  vegetated  terrains  [5].  They  had 
also  been  used  for  unsupervised  classifications  [6]. 

Fig.  1  and  Fig.  2  display  the  images  of  the  entropy  and 
a  ie^)ectively.  A  linear  gray  scale  is  used  to  show  the  variations 
of  entropy(0.0  to  1.0)  and  a(0.0  to  tc/2).  They  were  evaluated 
using  2x2  averaged  pixels  of  the  4-look  L-band  polarimetric 
SAR  data  of  San  Francisco.  Spatial  variations  of  these 
parameters  were  revealed  in  the  figures.  Similar  application  to 
the  unaveraged  data  showed  even  more  fluctuations. 

SUPERVISED  CLASSIFICATION  BASED  ON 

TARGET  DECOMPOSITION  THEOREM 

Fig.  3  shows  the  classified  image  using  the  entropy  and 
a  as  the  feature  components.  These  two  parameters  have  been 
recognized  as  the  most  significant.  There  are  five  classes  of 
terrain  which  are  dqjicted  by  the  ascending  level  of  brightness  as 
ocean,  coastal  ocean,  quasi-natural  terrain,  parks,  and  urban  area. 
The  same  training  areas  were  used  as  this  image  was  classified 
previously  based  oa  the  complex  Wishart  distribution  [4].  A 
Bayes  maximum  likelihood  classifier  produced  this  image.  This 
classification  result  is  not  satisfactory.  We  proceeded  to  try  the 
classification  using  the  two  large  eigenvalues  as  the  features. 
Better  results  are  retained  and  they  are  shown  in  Fig.  4. 

SUPERVISED  CLASSIFICATION  BASED 
ON  WISHART  DISTRIBUTION 

Sipervised  and  unsipervised  classification  based  on  the 
complex  Wishart  distribution  model  were  applied  to  the  same 
image.  Fig.  5  shows  the  classified  version  on  the  2x2  averaged 
image.  To  compare  with  the  other  two  algorithms  based  on  the 
target  decomposition  thewem,  we  listed  the  probabilities  of 
ccxTect  classification  in  Table  1 .  It  was  assumed  that  the  training 
areas  are  homogeneous  and  probabilities  were  calculated  as  the 
fraction  of  the  pixels  correctly  classified  in  the  respective  training 
areas. 

DISCUSSIONS  AND  CONCLUSIONS 

For  the  classification  based  cxi  the  Wishart  distribution, 
the  results  obtained  using  the  unaveraged  data  are  quite  similar 
to  that  obtained  using  the  2x2  averaged  data.  However,  the 
results  based  on  target  deconposition  theOTem  appear  to  be  much 
noisier  if  the  unaveraged  data  were  used.  It  implies  that 
averaging  is  more  inportant  in  applying  target  decomposition 
approach  for  a  clearer  segmentaticm. 

Wishart  distribution  is  a  very  reliable  statistical  model 
for  the  polarimetric  SAR  data  as  the  good  classificaticxi  confirms 
this  fact.  Target  decomposition  emphasizes  the  analysis  of  the 
physical  characteristics  of  the  problem.  It  enhances  our 
understanding  of  the  scattering  nature  of  the  target.  The 


Fig.  1.  Entropy  image. 


Fig.  2.  a  image. 


Fig.  3.  Supervised  classification  based  on  entropy  and 
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Fig.  4.  Supervised  classification  based 
on  two  larger  eigenvalues. 


Fig.  5.  Supervised  classification  based  on  Wishart  distribution. 


Table  1 .  Comparison  of  probabilities  of  correct  classification 
of  the  results  shown  in  Figures  3, 4,  and  5. 
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advantage  of  the  target  decomposition  approach  is  in  the 
unsi5)ervised  classification  that  each  cluster's  physical  properties 
can  be  used  for  automated  class  identification. 


Using  entropy  as  a  parameter  for  discrimination, 
different  media  may  produce  similar  values  as  exhibited  in  Fig. 
1  yjhisre  many  spo^  in  the  park  and  urban  areas  display  the  same 
level  of  strength  as  that  of  ocean.  The  angle  a  may  istinguish 
clearly  dihedral  scatterers  fi-om  surface  scatterers.  Other 
angular  parameters  have  different  physical  meanings,  but  they  are 
less  significant  by  the  fact  that  natural  terrain  covers  are  too 
ccw^licated  to  be  represented  by  a  simple  model.  Besides,  these 
angles  are  evaluated  using  the  eigenvector  of  the  maximum 
eigenvalue.  Their  effectiveness  in  contributing  to  the 
discrimmating  process  diminishes  when  the  maximum 
eigenvalue  is  not  as  dominating  as  compared  with  the  other  two 
eigenvalues.  In  other  words,  the  judgements  made  from  these 
angular  parameters  may  not  be  reliable,  if  the  entropy  value  is 
larger  than  0.5  [7].  Choosing  entropy  and  these  angles  as 
features  may  produce  ambiguities.  The  classification  using 
two  larger  eigenvalues  as  shown  in  Fig.  4  indicates  that  the 
strength  of  the  two  larger  eigenvalues  and  their  correlations 
contribute  more  to  the  discriminating  process  than  entropy  and 
a  angle.  Finally,  a  classifier  combining  the  Wishart  distribution 
approach  and  the  target  decomposition  theorem  may  have  the 
potential  to  yield  the  best  result. 
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Abstract  —  The  paper  is  concerned  with  the  development  of 
the  3  millimeter  wave  solid  state  Doppler  radar  and  using 
the  radar  for  fog  and  precipitation  parameters  measurements. 
The  radar  is  full  solid  state  CW  instrument  with  a  sinusoidal 
frequency  modulation.  The  sounding  range  is  up  to  1  km, 
relative  distance  resolution  is  10%.  Backscattering  spectra 
from  a  weak  rain  are  presented. 

1.  Background 

Millimeter  wave  Doppler  radar  may  be  very  useful  for 
investigation  of  the  hyi'ometeors,  consisting  of  small  water 
drops,  primarily  because  of  Rayleigh  law  of  electromagnetic 
wave  scattering.  Due  to  /"*  scattering  coeflBcient  frequency 
dependence  fog  layers,  water  clouds  and  weak  rains  may  be 
successfully  investigated  using  millimeter  waves,  which  is 
not  so  for  centimeter  waves. 

Wavelength  selection  was  based  on  existing  the  spectral 
windows  where  local  minima  of  atmospheric  absorption  is 
occur.  We  chose  the  minimum,  centred  at  94  GHz.  At  low 
humidity  (less  than  1  g/m^),  the  one-way  absorption  is 
below  0.1  dB/km,  but  for  strong  humidity  (i.e.  25  g  I  it 
is  increased  to  2.5  dB/km. 

There  are  few  publications,  concerning  fog  and  clouds 
investigations  by  active  remote  sensing  [1-2].  This  is  mainly 
because  of  low  level  of  radar  reflectivity  of  centimeter  waves, 
which  is  usually  used  in  meteorology.  Using  3  millimeter 
wave  frequency  band  it  is  possible  to  investigate  the 
hydrometeors,  consisting  of  small  water  drops,  such  as  fog, 
clouds  and  weak  rain.  The  first  problem,  which  have  been 
solved  using  developed  radar  system  was  the  determination 
of  water  drops  size  distribution  in  weak  rain.  The 
distribution  have  been  obtained  from  Doppler  spectrum  in 
the  case  of  vertical  sounding,  using  the  known  dependence  of 
speed  of  falling  drops  from  a  drop  diameter. 

We  have  used  low  power  transmitter  and  CW  mode  of 
operation.  This  is  related  to  the  problems,  which  we  have 
solved  in  current  work.  We  have  developed  the  radar  system 
with  the  sounding  range  up  to  1  km  and  distance  resolution 
about  0.1 -R,  where  R  -  distance  of  sounding,  with  the  facility 
of  Doppler  spectrum  measurement  and  data  integration.  This 


is  actually  needed  for  fog  and  weak  rain  parameters 
investigation  in  vicinity  of  measurement  system.  In  the  case 
of  sinusoidal  frequency  modulation  and  in  the  case  of  second 
harmonic  of  modulation  frequency  component  extraction  an 
element  of  scattering  volume  at  distance  R  counterparts  in 
signal  at  detector  output  as  bllows  [3-4]: 

s(R)  =  0.5k  {RW(R)  cosCn^/)  (1) 

where  k^  is  constant,  Sy  is  scattering  coefficient,  Qd=  2nfi, 
fo-  Doppler  frequency,  IV(R)  is  weighting  function  which  can 
be  described  as: 

TO  =  k^J2  [m  sm(2n/Jl/c)]/  R  ^  (2) 

where:  is  normalising  multiplier,  J2  -  Bessel  function, 

modulation  index  m  is  defined  by  frequency  excursion  df  = 
mfrn.  In  general  W(R)  is  complicated  oscillating  function. 
Nevertheless,  with  optimal  choice  of  modulation  index  m  it 
is  possible  to  build  function  IV(R)  having  one  dominating 
pe^,  which  gives  maximum  altitude  resolution,  depending 
on  frequency  modulation,  harmonic  number  and  frequency 
excursion,  Fig.2,3.  The  ‘altitude  displacement  of  the 
instrument  weighting  fund  ion  peak  spatial  position  can  be 
done  by  angle  scanning  (taking  into  account  //=i?*sina)  or 
by  tuning  the  modulation  frequency  . 

2.  Experimental  System  Description 

The  block  diagram  of  the  radar  system  is  shown  on  Fig.  1. 
The  radar  system  is  CW  solid  state  radar  with  sinusoidal 
frequency  modulation.  The  radar  antennas  A1  and  A2  are 
corrugated  horns  with  the  beamwidth  about  10  degree  at  the 
level  of  -3  dB.  There  were  two  such  antennas,  one  for 
receiving  and  the  other  for  transmitting  the  radiation. 

The  3  mm  wave  oscillator  (OSC)  was  used  as  LO  for 
mixer  Ml  and  as  transmitter  source.  The  RF  power  of  the 
oscillator  was  about  20  mW.  About  5  mW  of  this  power  via 
directional  coupler  (DC)  was  used  for  LO  and  about  15  mW 
for  irradiation.  This  oscillator  was  InP  Gunn-efifect  device 
with  special  high  efficienc\^  low  consumption  power  diode 
[5-7]. 
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Fig  1.  Block  diagram  of  Radar  System 


The  mixer  Ml  is  GaAs  Shottky  diode  balance  mixer  with 
conversion  loss  L  ~  5  dB.  Due  to  low  intermediate  frequency 
(we  used  IF  =  1  MHz)  the  noise  temperature  of  the  mixer  is 
high  enough  T  ~  1000  K.  The  IF  amplifier  (IFl)  was  low 
noise  (T  ~  50  K)  FET  amplifier.  So  the  equivalent  noise 
temperature  of  the  receiver  was  T  ~  3000  K.  The  frequency 
modulation  of  the  oscillator  was  produced  by  changing  the 
bias  voltage  on  the  Gunn-effect  diode.  The  modulation 
sensitivity  of  the  oseillator  was  about  1  GHzA^.  We  used  the 
frequency  deviation  ranged  in  1-10  MHz.  So  the  modulation 
frequency  voltage  amplitude  V  was  ranged  in  1-10  mV.  The 
modulation  frequency  f„  was  about  0.5  MHz  and  have 
determined  the  weighting  function  spatial  position. 

Due  to  the  scattering  particles  motion  the  Doppler 
frequencies  are  ranged  in  100  Hz  -  10  kHz.  To  obtain  the 
Doppler  spectrum  we  have  used  the  second  conversion  by  the 
second  mixer  M2.  The  mixer  M2  was  the  subharmonically 
pump  mixer.  As  a  local  oscillator  power  for  mixer  M2  we 
used  the  signal  of  the  reference  oscillator  OSCR,  which  was 
also  used  for  frequency  modulation  of  OSC.  So  we  extracted 
the  second  harmonic  component  of  modulation  frequency 
=  0.5  MHz.  After  second  conversion  we  obtained  the 
Doppler  spectrum,  which  is  amplified  afterwards  by  IF2 
amplifier.  After  amplification  the  signal  was  converted  to 
digital  form  by  A/D  converter.  At  the  same  time  we  have 
detected  the  signal  of  IFl  by  detector  (DET).  The  signal  after 
detection  was  proportional  to  the  total  power  scattering  by 
investigated  targets.  All  data  have  been  proceeded  by 
Personal  Computer  PC. 


Weight  functions,  n=2.4.6 


Fig.2.  Weighting  functions  for  backscattering  sounding  of 
rain  or  fog  using  frequency  modulation  and  detection  of  2-d, 
4-th  or  6-th  harmonics  (peaks  from  left  to  right). 


Rm,  meters.  n=2 


Fig.  3.  The  position  of  the  maximum  of  weighting  functions 
depending  on  frequency  excursion  df. 

3.  Results  of  Weak  Rain  Observation 

We  have  used  described  above  system  for  hydrometeor 
(weak  rain,  fog)  parameters  measurement.  One  example  is 
on  Fig. 4,5,  where  an  evolution  of  backscattering  Doppler 
spectrum  are  presented.  These  spectrum  are  related  to  an 
evolution  of  rain  from  very  weak  to  maximum  and  to  the  end 
of  the  rain.  Information,  containing  in  above  spectrum  can 
be  used  for  drop  size  distribution  determination  and  so  on.  It 
can  be  seen  from  Fig.4  that  the  mean  frequency  of  the 
spectra  is  about  2  kHz  at  19.35,  then  at  19.38  the  mean 
frequency  of  the  spectra  have  increased  to  about  3.5  kHz  and 
then  at  19.42  the  mean  frequency  is  decreased  to  about  1 
kHz.  It  means  that  the  falling  velocity  was  changed  as  a 
result  of  changing  of  mean  drop  diameter.  Following  to 
falling  velocity  vs.  drop  diameter  relation  [10]; 

v(Z))  =  3.778Z)®^  [D]  =  mm,  [v]  =  m/sec,  (3) 

it  is  possible  to  determine  mean  drop  diameter.  Using  (3) 
and  data  from  Fig.4  we  obtained  that  at  19.35  D^=\.5 
mm;  at  19.38  Dn,ea„=2.5  mm  and  at  19.42  Droean=0-5  mm. 


443 


5.  References 


Fig, 4.  The  spectrum  of  backscatter  signal,  measured  at  60 
degree  elevation 


Fig.5.  The  spectrum  of  backscatter  signal,  measured  at  30 
degree  elevation 

4.  Conclusion 

The  3  millimeter  wave  coherent  lull  solid  state  CW  radar 
with  sinusoidal  FM  was  developed.  This  instrument  allows 
to  conduct  measurements  of  backscattering  signal  from 
hydrometeors,  consisting  from  small  water  drops  (fog,  weak 
rain,  and  possibly  clouds)  and  Doppler  spectrum  of  such 
hydrometeors.  Drops  size  distribution  in  precipitation  can  be 
obtained  from  measurement  data  using  calculations  of 
attenuation  and  scattering  (including  Mie  backscattering  by 
raindrops)  of  these  short  wavelengths  radiation  by 
hydrometeors.  The  measurements  of  Doppler  spectrum 
permit  to  determine  also  a  wing  direction  and  velocity. 
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Abstract — Mid-infrared  laser  reflectances  of  soils  con¬ 
taining  specific  minerals  show  diagnostic  features  in  the 
9-11  wavelength  range,  resulting  in  their  suitability  for 
remote  sensing  of  terrestrial  lithology.  However,  the  pres¬ 
ence  of  actively  growing  vegetation  can  obscure  these  di¬ 
agnostic  features,  in  some  cases  almost  completely,  so  as 
to  make  mineral  identification  virtually  impossible.  An 
experimental  study  was  carried  out  to  determine  the  ef¬ 
fects  of  growing  grass  on  the  mid-infrared  laser  reflectance 
of  bare  soil  in  order  to  determine  the  conditions  under 
which  the  underlying  soil  reflectance  loses  its  diagnostic 
features.  Reflectance  ratios  (indicative  of  diagnostic  fea¬ 
tures)  were  investigated  as  a  function  of  grass-blade  height 
for  different  grass  densities.  It  was  found  that,  under  spe¬ 
cific  soil  conditions,  there  appeared  a  grass-blade  height 
value  at  which  the  diagnostic  ratios  level  off  to  a  value  of 
1.0,  thereby  masking  the  underlying  soil  features.  These 
results  are  expected  to  be  useful  for  identifying  optimal 
conditions  under  which  soil  mineralogy  can  be  identified 
under  overlying  vegetation. 

INTRODUCTION 

Actively  growing  vegetation  usually  obscures  the  di¬ 
agnostic  features  in  the  mid-infrared  reflectance  of  soil 
brought  about  by  soil  mineralogy,  in  some  cases  almost 
completely,  so  as  to  make  mineral  identification  virtually 
impossible  [1].  The  effects  of  vegetation  are  expectedly 
more  pronounced  at  higher  densities  and  heights.  The 
objective  of  this  study  was  to  identify  the  conditions  un¬ 
der  which  soil  reflectance  features  were  completely  masked 
by  overlying  vegetation.  In  this  paper,  we  describe  the 
University  of  Nebraska’s  unique  laser  reflectance  sensor 
operating  in  the  mid-infrared  wavelength  range  for  lab¬ 
oratory  and  field  applications.  The  system  was  used  to 
collect  reflectance  data  at  various  wavelengths,  incidence 
angles,  and  polarization  combinations  from  bare  soil  and 
grass-covered  soil.  Based  on  the  measured  data,  specific 
grass-blade  heights  were  determined  that  resulted  in  ob¬ 
scuration  of  the  diagnostic  features  in  the  soil  reflectance. 

EXPERIMENTAL  SETUP 

The  laser  reflectance  sensor  used  in  the  experiments  is 
described  in  detailed  in  [2],  and  its  block  diagram  is  shown 
in  Fig.  1.  It  consists  of  a  line-tunable  laser  that  operates 
in  the  9-11  fim  wavelength  range  with  an  output  power  of 
about  5  W.  The  receiver  consists  of  a  lens-detector  com¬ 
bination,  followed  by  a  matched  preamplifier  and  a  lock- 
in  amplifier.  Both  co-polarized  as  well  as  cross-polarized 
0-7803-3068-4/96$5.00©1996  IEEE 


backscattered  energy  can  be  measured.  The  entire  opti¬ 
cal  system  is  packaged  in  a  box  of  approximate  dimensions 
104  cm  X  38  cm  X  22  cm. 

Reflectance  measurements  were  made  at  four  wave¬ 
lengths  in  the  mid-infrared  range,  three  incidence  angles 
and  two  polarization  combinations,  as  indicated  in  Ta¬ 
ble  1.  The  laser  sensor  assembly  was  placed  on  the  op¬ 
tical  table,  and  the  beam  was  directed  towards  the  bare 
or  grass-covered  soil  target  using  an  adjustable  mirror  to 
vary  the  incidence  angle.  Soil  was  placed  in  a  6-cm  deep 
movable  soil  container  2.3  m  long  and  1.1  m  wide.  The 
container  was  divided  length-wise  into  three  equally  sized 
areas  so  that  different  soil  roughnesses  could  be  created. 
Speckle  averaging  was  performed  by  physically  translating 
the  container  during  measurements  and  averaging  50  re¬ 
flectivity  samples  for  each  measurement.  Calibration  was 
accomplished  using  a  Labsphere  Reflectance  Standard  of 
94%  reflectivity. 

Initial  experiments  were  made  on  bare  soil  under  var¬ 
ious  wetness  and  surface  roughness  conditions.  The  soil 
was  a  clayey  topsoil  containing  quartz  as  the  dominant 
mineral.  Varying  amounts  of  soil  moisture  were  induced 
by  completely  saturating  the  soil,  mixing  it  well,  and  al¬ 
lowing  it  to  dry  slowly  over  a  period  of  a  few  days.  Soil 
gravimetric  wetnesses  between  23%  and  7%  were  obtained 
by  this  method.  Soil  surface  macroroughness  was  induced 
by  sieving  soil  clods  formed  during  wetting  through  hail 
screens  of  different  sizes  so  as  to  obtain  clod  sizes  less  that 
0.64  cm,  sizes  between  0.64  and  1.3  cm,  and  sizes  greater 
than  1.3  cm. 

Grass  was  then  grown  on  the  soil,  and  three  differ¬ 
ent  grass  densities  were  used  in  different  sub-plots  of  the 
container.  The  grass  used  was  Kentucky  31  Tall  Fescue, 
whose  planting  density  was  varied  using  different  settings 
on  a  standard  grass  seed  spreader.  The  average  grass 
blade  density  (number  of  blades  per  square  meter)  ob¬ 
tained  thus  was  determined  to  be  approximately  2500 
for  the  light  density,  3800  for  the  medium  density,  and 
7400  for  the  high  density  areas.  Reflectance  data  were 
gathered  froni  each  sub-plot  as  the  grass-blade  height  in¬ 
creased  from  0  (emergent)  to  about  11  cm, 

RESULTS  AND  DISCUSSION 

A  complete  description  of  the  test  results  is  provided 
in  [3].  This  section  provides  a  sample  of  the  data  thus 
obtained.  From  the  bare  soil  reflectance  measurements, 
it  was  confirmed  that  the  soil  macroroughness  at  the  cen¬ 
timeter  scale  had  no  perceptible  effect  on  the  reflectance 
at  normal  as  well  as  off-normal  incidence  angles.  This 
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was  somewhat  expected  since  under  these  conditions,  the 
soil  could  be  considered  electromagnetically  very  rough 
due  to  the  fact  that  the  wavelength  is  approximately 
10  fim.  Furthermore,  it  was  confirmed  that  the  soil  re¬ 
flectance  dropped  with  increasing  wetness,  and  its  func¬ 
tional  dependence  was  similar  to  that  obtained  from  a 
wider  variety  of  soil  samples  placed  in  15-cm  diameter 
Petri  dishes  [4]. 

From  the  bare  soil  measurements,  it  was  observed  that 
the  reflectance  ratio  obtained  by  dividing  the  reflectance 
at  9.283  fim  wavelength  to  that  at  10.633  fim  wavelength 
could  be  used  as  the  diagnostic  ratio.  This  is  expected 
since  quartz  (the  dominant  mineral  in  our  soil  sample) 
has  a  reststrahlen  band  close  to  9  /im  wavelength.  In 
our  case,  this  ratio  was  approximately  1.25  under  all  soil 
roughness,  and  wetness  conditions  at  an  incidence  angle 
of  50  degrees.  At  normal  incidence,  this  ratio  was  closer 
to  1  even  for  the  bare  soil,  and  thus  it  was  felt  that  50 
degree  incidence  angle  would  be  optimal.  This  ratio  was 
monitored  as  the  grass  grew,  and  the  average  grass-blade 
height  was  measured.  Plots  of  the  reflectance  ratio  as  a 
function  of  grass-blade  height  were  generated,  and  these 
are  shown  in  Figs.  2-4  for  the  different  grass  densities.  A 
definite  lowering  in  a  near-linear  manner  is  observed  for 
the  reflectance  ratio  as  the  grass-blade  height  increases. 
From  Fig.  2,  we  note  that  under  light  density  conditions, 
the  ratio  approaches  1.0  at  a  grass-blade  height  of  about 
10  cm.  Fig.  3  indicates  that  under  medium  density  condi¬ 
tions,  a  grass-blade  height  of  about  8  cm  makes  the  ratio 
reach  1.0,  while  Fig.  4  shows  that  under  high  grass  den¬ 
sity,  it  takes  a  grass-blade  height  of  6  cm  to  mask  the  soil 
reflectance  features. 

CONCLUSIONS 

Our  study  indicates  that  actively  growing  vegetation 
can  obscure  the  spectral  characteristics  of  soil  in  the  mid- 
infrared.  The  degree  of  obscuration  increases  with  vege¬ 
tation  height  and  vegetation  density.  Although  our  study 
deals  with  one  particular  type  of  grass  over  one  particular 
type  of  soil,  it  is  conjectured  that  similar  results  would  be 
obtained  for  other  cases.  This  calls  for  further  experimen¬ 
tal  study  and  analysis  over  a  wider  variety  of  vegetation 
and  soil  types. 
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TABLE  I 

LASER  OPERATING  CONDITIONS 


WAVELENGTHS  (/xm) 

9.283,  9.520, 
10.247,  10.633 

INCroENCE  ANGLES  (deg) 

0,  20,  50 

POLARIZATIONS 

Co-pol,  Cross-pol 

Figure  1:  Block  diagram  of  mid-infrared  laser  re¬ 
flectance  sensor 
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Figure  2:  Reflectance  ratio  as  a  function  of  grass- blade 
height  for  light  density  soil 
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Abstract  -  Principal  components  analysis  (PCA)  has  been 
applied  to  multi  temporal  data  for  over  a  decade,  frequently  in 
preparation  for  land  cover  classification.  With  the  increasing 
availability  of  standardized  multitemporal  datasets,  such  as 
Pathfinder  AVHRR  Land  products  and  the  maximum  biweekly 
AVHRR  NDVI  composites  for  the  conterminous  US,  we 
wondered  about  the  efficacy  of  using  PCA  to  identify  the 
dominant  spatio-temporal  modes  within  the  data.  How  many 
principal  components  are  useful?  Does  inclusion  of  higher 
order  components  improve  scene  segmentation  or  hinder  it? 
What  are  the  effects  on  the  spatial  structure  of  a  segmented 
scene?  To  address  these  questions  we  selected  a  portion  of 
the  North  American  Great  Plains  from  the  Pathfinder  AVHRR 
Land  product  for  1986.  The  subset  region  nominally  covers 
over  2  million  km^  and  spans  significant  temperature  and 
precipitation  gradients.  The  resulting  image  time  series 
comprised  30  10-day  maximum  NDVI  composites.  These  data 
were  submitted  to  a  series  of  PC  As  with  3,  6,  9,  or  12 
principal  components  output  as  different  images.  Each  PCA 
set  was  then  submitted  to  an  unsupervised  classification, 
followed  by  maximum  likelihood  decision  rule  applied  to  the 
signature  set  to  yield  4,  6,  8,  or  10  classes.  Each  class  was 
analyzed  with  lacunarity  analysis,  which  quantifies  spatial 
heterogeneity  and  anisotropy  in  binary  data.  There  was  a 
significant  effect  of  the  number  of  PCs  used  in  the 
classification  on  the  lacunarity  of  certain  classes  but  not 
others.  Visual  inspection  revealed  that  several  higher  order 
principal  components  were  compositing  artifacts.  These 
results  suggest  that  PCA  performed  on  image  time  series  can 
effectively  filter  compositing  noise  when  data  are  reduced  to 
a  small  number  (<6)  of  components. 

INTRODUCTION 

Principal  components  analysis  (PCA)  is  an  important  tool  for 
multitemporal  analysis  [1-3].  PCA  of  a  high  temporal 
0-7803-3068-4/96$5.00©1996  IEEE 


resolution  image  series  can  attenuate  temporal  autocorrelation, 
thereby  increasing  the  suitability  of  the  data  for  image 
segmentation  and  classification  procedures  [2].  Moreover, 
principal  components  (PCs)  are  of  intrinsic  interest  because 
they  effectively  summarize  the  dominant  modes  of  spatial, 
spectral,  and  temporal  variation  in  the  data  in  terms  of  linear 
combinations  of  image  frames.  As  standardized  multitemporal 
datasets  are  increasingly  available,  it  is  relevant  to  explore  the 
limitations  of  multitemporal  PCA. 

How  many  principal  components  are  useful?  Several  studies 
using  AVHRR  NDVI  have  found  that  most  of  the  dataset 
variance  (>90%)  lies  in  the  first  3  PCs  [1-3].  In  particular, 
[1]  suggested  that  the  first  PC  in  their  image  series  related  to 
integrated  NDVI  and  thus  to  biomass  quantity.  Further,  the 
sinusoidal  trend  of  the  weightings  in  the  first  3  PCs 
correspond  to  seasonality  [1,2]  and  the  significance  of  higher 
order  PCs  was  the  subject  of  speculation  [1].  These  studies 
used  a  limited  number  of  images  (<10).  Would  a  significant 
increase  in  series  length  and  temporal  resolution  change  these 
conclusions?  A  longer  data  set  means  more  potential  PCs. 
Does  inclusion  of  higher  order  PCs  improve  scene 
segmentation  or  hinder  it?  Finally,  what  are  the  effects  of 
more  PCs  on  the  spatial  structure  of  a  segmented  scene?  Here 
we  present  an  initial  attempt  to  address  these  questions. 

METHODS 

From  the  1986  subset  of  the  Pathfinder  AVHRR  Land  (PAL) 
product,  we  selected  a  major  portion  of  the  North  American 
Great  Plains  that  exhibits  strong  abiotic  gradients  in  moisture 
(E-W)  and  temperature  (S-N)  as  well  as  a  range  of  land  cover 
from  lightly  to  intensively  managed.  Our  test  region  extends 
from  southern  Canada  into  northern  Texas,  from  just  east  of 
the  Front  Range  almost  to  the  Mississippi.  This  area  covers 
more  than  2  million  km^  but  at  8  km  resolution  comprises 
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only  a  small  image:  120  x  278  pixels.  The  PAL  product 
includes  30  10-day  composites  of  maximum  NDVL  While  the 
spatial  resolution  is  coarse,  the  finer  resolution  of  10-day 
versus  14-day  composites  promises  better  spatio-temporal 
tracking  for  transitory  phenomena  like  the  differential  onset  of 
spring.  Although  NASA  has  cautioned  against  using  the  PAL 
1986  subset  for  research,  the  data  are  suitable  for  our  purpose. 

The  image  time  series  was  stacked  into  a  30-band  file.  The 
ERDAS  Imagine  PCA  module  generated  four  different  images 
containing  3,  6,  9,  or  12  PCs.  Each  of  the  four  transformed 
images  then  underwent  an  unsupervised  classification, 
followed  by  maximum  likelihood  decision  rule  applied  to  the 
signature  set  to  yield  4,  6,  8,  or  10  classes.  We  analyzed  each 
class  with  lacunarity  analysis,  which  quantifies  spatial 
heterogeneity  in  binary  data  [4,5].  The  sampling  window 
preserved  the  aspect  ratio  of  the  image  and  the  largest  window 
used  was  109x254  or  83%  of  the  image.  Lacunarity 
estimation  used  the  exhaustive  sampling  of  the  ’’gliding-box" 
algorithm  [4]. 

Lacunarity  is  sensitive  to  both  the  density  and  the 
arrangement  of  "on"  pixels  in  a  binary  map.  At  window  size 
of  1,  the  inverse  of  the  lacunarity  index  equals  the  proportion 
of  "on"  pixels:  larger  values  of  the  lacunarity  index  at  the  y- 
intercept  indicate  sparser  coverage.  The  shape  of  the  decay 
conveys  information  about  the  degree  of  pixel  aggregation.  A 
random  arrangement  of  pixels  yields  a  rapid  decay  to  zero;  a 
linear  decay  indicates  a  self-similar  spatial  distribution  of 
clumps.  When  clumping  occurs  at  a  characteristic  scale,  the 
decay  is  gradual  as  long  as  the  sampling  window  is  smaller 
than  the  clump  size.  Once  the  sampling  window  is  greater 
than  the  characteristic  scale,  the  decay  is  rapid.  To  compare 
decay  curves,  it  is  useful  to  control  for  density  effects.  By 
combining  lacunarity  estimates  for  both  "on"  and  "off"  pixels, 
a  normalized  lacunarity  index  can  be  calculated  that  is 
sensitive  to  aggregation  effects  alone. 

RESULTS 

We  will  focus  on  the  behavior  of  two  adjacent  regions  in  the 
8-classification.  Class  5  (Fig.  1)  is  located  in  the  southwestern 
sector  of  the  image  and  covers  the  semi-arid  plains  and  short 
grass  prairies  of  eastern  Colorado,  western  Kansas  and 
Oklahoma,  and  northwestern  Texas.  Located  due  east.  Class 
6  (Fig.  2)  intermingles  extensively  with  Class  5.  This  class 
spans  a  significant  precipitation  gradient  and  a  biotic  gradient 
of  mixed  grass  prairie  at  the  western  edge  to  tallgrass  prairie 
at  the  eastern  extremity.  Dominant  land  uses  in  both  classes 
are  dryland  and  irrigated  agriculture  and  grazing. 

As  the  number  of  PCs  used  in  segmentation  increases,  class 
6  diminishes  and  class  5  expands.  Importantly,  the  combined 
area  of  these  classes  remains  at  about  30%  of  scene;  there 


appears  to  be  a  migration  of  pixels  from  class  6  to  class  5  as 
the  number  of  PCs  submitted  to  the  classification  increases. 
Moreover,  the  spatial  structure  of  the  classes  changes 
significantly:  the  inclusion  of  higher  order  PCs  appears  to 
erode  the  finer  spatial  details.  The  lacunarity  plots  reveal  both 
the  change  in  class  density  (Figs.  3&4)  and  spatial 
arrangement  (Figs.  5&6)  as  the  number  of  PCs  used  in 
classification  changes.  Note  how  the  spatial  configuration  of 
class  5  is  perceptibly  affected  only  at  12  PCs;  whereas, 
inclusion  of  9  and  12  PCs  generate  lacunarity  curves  for  class 
6  that  are  significantly  different  from  the  nearly  identical 
curves  of  3  and  6  PCs.  Class  6  at  9  PCs  is  more  diffuse  than 
at  3  or  6  PCs,  producing  a  swifter  decay,  and  class  6  at  12 
PCs  is  more  compact,  yielding  slower  decay  (Fig.  6). 

CONCLUSIONS 

Inclusion  of  higher  order  PCs  in  scene  segmentation  appear 
to  degrade  the  spatial  structure.  Why?  We  think  that 
compositing  artifacts  and  subpixel  cloud  contamination  are  the 
culprits.  Distinctive  rectilinear  features  were  apparent  in  most 
of  the  PCs  >  5  (data  not  shown).  Use  of  standardized  PCA 
might  attentuate  this  problem  [3].  Differential  weighting  of 
PCs  submitted  to  the  segmentation  algorithm  is  also  a 
possibility.  Reducing  multitemporal  data  using  PCA  can 
provide  a  robust  preparation  for  scene  segementation,  if  care 
is  exercised  in  limiting  the  compositing  error  variance 
captured  by  higher  order  PCs. 
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OVERVIEW 

Dipmeter  is  a  well  logging  tool  for  measuring  formation  dip, 
that  is,  the  angle  and  the  direction  of  the  tilt  of  the 
underground  formation.  It  does  this  by  measuring  focused 
microresistivity  in  a  few  places  (4,  6,  or  more)  on  the 
circumference  of  the  hole.  If  the  formation  is  dipping,  the 
resulting  measurements  will  be  displaced  in  relation  to  each 
other.  From  these  displacements  one  can  compute  the  dip  by 
applying  standard  formulas  of  analytical  geometry. 

However,  finding  these  displacements  is  far  from  a  standard 
problem,  and  there  exists  a  number  of  approaches  mentioned 
in  [1-3],  and  more  recently  in  [4],  where  a  similar  problem 
arises  for  a  different  tool.  The  need  for  effective  reservoir 
description  poses  ever  great  challenges  and  necessitates  the 
development  of  better,  more  stable  and  precise  dip 
computation  algorithms. 

In  this  paper  we  describe  a  development  environment  which 
was  designed  and  programmed  specifically  to  develop  and 
test  dip  computation  algorithms.  We  describe  the  geological 
considerations  that  went  into  the  design  and  their 
implementation.  We  also  briefly  discuss  the  results  achieved 
using  this  environment,  namely,  new  dip  computation 
algorithms.  We  will  describe  the  algorithms  themselves  in 
greater  detail  in  upcoming  publications. 

The  immediate  benefit  of  the  DATE  workbench  is  therefore 
the  development  of  new  dip  computation  algorithms.  In 
addition,  it  can  serve  either  as  a  base  or  as  a  model  for 
developing  processing  algorithms  for  other  tools. 

TEST  WORKBENCH  REQUIREMENTS 

An  algorithm  testing  environment  has  to  be  able  to  do  the 
following: 

•  generate  simulated  data 

•  select  geological  conditions 

•  modify  simulated  data  according  to  selection  above 

•  apply  algorithms  and  compare  results 

For  comparison  with  existing  algorithms  it  also  needs  to  be 
able  to 
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•  import  real  data  from  tool  recording 

•  import  computation  results  from  other  programs 

In  the  following  sections  we  will  describe  how  these  steps 
were  implemented  in  DATE. 

DATA  GENERATION 

Dipmeter  tool  data  contains  two  distinct  sets  of  curves.  The 
first  set  is  profile  curves,  which  record  a  given  formation 
property  in  given  point  on  the  circumference  of  the  hole.  The 
second  one  is  orientation  data,  which  measures  the  position 
and  orientation  of  the  tool  and  of  the  well. 

The  orientation  data  does  not  have  to  be  generated,  since  in 
computations  it  will  factored  out  and  it  is  not  essential  for 
the  correlation  algorithm.  We  will  use  it,  however,  when 
importing  real  recording. 

To  create  the  profile  curve  data,  we  first  generate  a  bedding 
sequence.  According  to  sedimentological  studies  [5],  bed 
thickness  conforms  to  normal  distribution.  This  means  that 
given  the  average  bed  thickness,  we  can  generate  a  series  of 
beds  which  will  be  similar  to  those  found  in  nature. 

This  is  done  using  a  random  number  generator.  The  user  can 
select  the  seed  for  generator.  This  allows  to  either  create  a 
variety  of  different  test  by  entering  different  seeds.  To  repeat 
the  results  of  the  previous  test,  one  enters  the  seed  that  was 
used  for  this  test. 

After  bed  thicknesses  have  been  generated,  each  bed  is 
assigned  a  certain  resistivity,  also  using  a  random  number 
generator.  Studies  did  not  indicate  a  significant  dependence 
between  resistivities  in  adjacent  formations,  so  in  DATE  this 
number  is  generated  without  regards  to  the  resistivities  above 
and  below  the  given  formation. 

Finally,  we  apply  a  filter  to  reflect  that  the  tool  measure 
resistivity  in  a  certain  volume  of  formation,  rather  than  at  a 
particular  depth  point.  To  truly  calculate  tool  responses,  one 
would  have  to  solve  the  forward  modeling  problem  of 
electromagnetic  propagation.  This  is  nor  needed,  however, 
since  for  algorithm  testing  filtering  creates  curves  that  look 
similar  to  real. 
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At  this  stage,  we  create  one  curve  and  duplicate  it  to  create 
all  the  others.  Curves  can  be  generated  in  three  possible 
ways:  sine  wave,  random,  and  random  with  noise.  In  the 
latter  case,  normally  distributed  noise  is  added  to  each  of  the 
pad  measurements  separately.  The  intensity  of  noise  is 
controlled  by  the  user. 

SELECTION  OF  THE  DESIRED  RESULT 

Had  the  dip  been  computed  at  this  stage  of  data  generation,  it 
would  show  that  all  formations  are  flat  and  the  dip  is  equal 
to  0.  Now  the  user  selects  the  desired  dip  pattern.  Each 
geological  feature,  such  as  an  anticline,  fault,  or  thrust,  has  a 
dip  pattern  associated  with  it.  The  dip  patterns  described  in 
[6]  were  preprogrammed  into  DATE  and  can  be  selected. 
Other  patterns  can  be  used. 

The  selected  dip  pattern  is  imposed  on  the  data.  This  results 
in  shifting  of  the  profiles  curves,  stretching  and  compressing 
that  in  certain  places.  From  the  distorted  curves  our 
algorithms  will  have  to  find  displacements  and  then  back  the 
selected  dip  picture.  We  will  measure  the  success  of  the 
algorithm  by  its  ability  to  restore  the  given  dip  pattern. 

A  set  of  generated  curves  and  a  selected  dip  pattern  are 
displayed  by  DATE,  as  shown  in  Fig.  1.  For  this  example  we 
used  average  bed  thickness  =  0.2  ft,  filter  length  =  0.2  ft,  dip 
pattern  =  flexures,  depth  scale  =  5  in  / 100  ft. 
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Figure  1.  Six-arm  dipmeter  data  generated  with  DATE. 


DATA  IMPORT 

As  an  alternative  to  generating  profile  curve  data  and 
selecting  the  dip  pattern,  DATE  has  an  option  to  import  real 
recording,  This  is  accomplished  by  dumping  any  recorded 
dipmeter  format  in  ASCII,  in  a  predefined  way.  This 
approach  allows  to  test  with  data  recorded  in  any  format. 

DATE  scans  an  ASCII  file,  tells  the  user  the  file  depth 
interval,  and  allows  to  select  an  interval  for  processing.  Then 
it  reads  the  profile  curve  and  the  tool  orientation  data. 
Results  of  the  computation  by  any  dip  computing  program 
can  likewise  be  imported  from  an  ASCII  dump. 

DIP  COMPUTATION  ALGORITHMS 

Algorithms  for  dip  computation  can  be  roughly  classified 
into  three  groups: 

1 .  Interval  correlation  (large-scale  features). 

2.  Event  correlation  (medium  resolution). 

3.  Point-to-point  correlation  (fine  resolution). 

Using  the  DATE  workbench  we  have  achieved 
improvements  in  all  three  areas.  This  is  summarized  in 
Table  1.  There  are  therefore  six  algorithms.  All  of  these 
algorithms  have  been  programmed  and  can  be  used  for 
comparison. 

IMPROVEMENTS 

There  are  a  number  of  improvements  possible  in  each  of  the 
three  groups  of  the  algorithms  in  Table  1.  The  DATE 
workbench  provides  ample  opportunities  for  this. 

It  is  not  feasible  to  describe  them  in  detail  in  this  paper. 
Besides,  a  detail  description  would  necessitates  the  overview 
of  the  old  algorithms.  This  also  can  not  be  the  subject  of  the 
current  publication.  This  is  left,  therefore,  for  upcoming 
publications,  one  of  them  being  [7]. 

However,  we  will  in  general  describe  the  path  which  led  to 
these  improvement  and  the  advantages  to  be  realized. 

The  first  task  which  faced  the  author  was  to  find  a  technique 
for  processing  multipad  tool  measurements.  The  algorithms 
in  [1-3]  were  developed  for  tools  with  four  pads.  They  relied 
on  the  limited  number  of  pad  combinations  to  form  bedding 
plains.  When  the  number  of  pads  grew,  as  it  happened  with 
modern  day  tools,  the  amount  of  computations  grew 
exponentially  or  the  results  became  unstable. 

The  technique  found  was  based  on  triangle  clustering. 
Virtual  reality  programs  use  triangles  for  rendering  scenes  as 
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Table  1.  Dip  computation  algorithms.  . . . . 

1 

UsiaaDATE 

Interval  correlation 
(large-scale  features) 

Many 

Better  interval  correlation 

Optimization  applied  for  the  first  time 

Triangle  clustering  for  multipad  correlations 

Event  correlation 
(medium  resolution) 

[3] 

Better  event  correlation 

Low-frequency  event  picking 

Event-event  correlations 

Triangle  clustering  for  multipad  correlations 

Point-to-point  correlation 
(fine  resolution). 

[1] 

Microdip® 

Profile  curve  enhancement 

Better  selections  of  point  for  matching 

Changed  optimization  model 

Triangle  clustering  for  multipad  correlations 

a  good  compromise  between  efficiency  and  quality.  This 
happened  to  be  the  same  in  our  case. 

Now  that  this  was  possible,  algorithm  [1]  (group  3)  was 
redesigned  in  many  ways.  Profile  curve  data  was  enhanced  to 
better  analyze  the  curve  character.  Algorithm  for  picking 
points  for  matching  was  improved.  Optimization  model  was 
changed  to  arrive  at  more  realistic  correlations.  Finally, 
optimization  algorithm  was  reprogrammed  in  C++  which 
allowed  to  use  it  for  various  objects  in  the  algorithm,  by 
applying  C++  inheritance. 

These  newly  developed  techniques  were  applied  to  algorithm 

[3]  (group  2).  Additionally,  two  new  techniques  were  added 
here.  One  is  low  frequency  event  picking  (the  old  algorithm 
depended  upon  high  fi'equency  of  data  change).  The  other 
one  is  that  event  correlation  was  changed  to  be  true  event- 
event,  rather  than  event-interval  correlation. 

The  interval  correlation  algorithm  (group  1)  benefited  from 
the  above  mentioned  new  techniques.  Since  they  were  never 
applied  to  interval  correlation,  the  improvement  was 
immediate.  The  improvements  are  summarized  in  Table  1. 

AN  EXAMPLE  OF  BENEFITS 

An  example  of  real  imported  recording  comparing  the 
previous  method  of  point-to-point  correlations  (left)  with  the 
improved  one,  called  Microdip®  (right),  is  shown  in  Figure 
2.  One  can  immediately  notice  the  better  frequency 
resolution  of  the  new  algorithm.  New  algorithm’s  results  are 
also  more  stable,  and  the  number  of  computed  dips  is 
greater.  This  stability  is  even  more  pronounced  in  cases  of 
complex  recording. 

CONCLUSIONS 

New  requirements  for  reservoir  description  lead  to  work  on 
improved  log  processing  algorithms.  This  software 
development  effort  can  benefit  from  an  integrated  test 
fecility.  An  example  of  such  facility  is  provided  by  the 


DATE  workbench.  This  workbench  allows  to  design  better 
dip  computation  algorithms.  It  can  also  be  used  as  a  base  or 
model  for  designing  algorithms  for  other  tools. 
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Figure  2.  Point-to-point  correlation  comparison. 
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Abstract— This  paper  demonstrates  the  use  of  stepped- 
frequency  waveforms  to  obtain  high  resolution  SAR  im¬ 
ages  without  imposing  severe  instantaneous  bandwidth 
requirements  on  the  radar  system.  Although  azimuth 
compression  and  motion  compensation  are  essential  to  ob¬ 
tain  high  resolution  SAR  images,  this  paper  only  discusses 
how  to  obtain  high  range  resolutions.  Especially  at  VHF 
frequencies  it  is  very  difficult  to  obtain  high  range  reso¬ 
lutions,  because  the  effective  pulse  bandwidth  required 
would  amount  to  a  large  percentage  of  the  centre  fre¬ 
quency.  After  briefly  introducing  the  theory  of  synthetic 
range  profiling  as  applied  to  SAR,  this  paper  goes  on 
to  discuss  the  synthetic  range  profile  of  an  A320  airbus, 
which  serves  to  demonstrate  the  feasibility  of  synthetic 
range  profiling.  More  attention  is  then  given  to  simula¬ 
tion  results,  which  introduce  the  problems  encountered 
when  sampling  the  returning  echo  waveforms. 

INTRODUCTION 

Synthetic  range  profiling  (SRP)  is  a  processing  tech¬ 
nique  to  obtain  high  range  resolution  using  stepped-fre- 
quency  waveforms  without  imposing  severe  instantaneous 
bandwidth  requirements  on  the  radar  system.  A  total 
radar  bandwidth  of  64  x  1.5  =  96  MHz  can  be  synthesized 
by  sequentially  transmitting  64  pulses,  each  pulse  stepped 
in  frequency  by  1.5  MHz.  The  final  slant-range  resolution 
that  can  therefore  be  achieved  is  about  1.56  m. 

This  is  illustrated  in  Fig.  1,  which  shows  a  surface  plot 


Figure  1:  Surface  plot  of  three  point  targets  that  were 
resolved  using  synthetic  range  profiling 
0-7803-3068-4/96$5.00©1996  IEEE 


of  three  point  targets  that  were  resolved  using  SRP.  These 
simulated  point  targets,  which  were  6  m  apart  in  ground 
range,  were  “illuminated”  with  64  monochrome  pulses 
stepped  in  frequency,  each  pulse  having  a  bandwidth  of 
1.5  MHz,  which  corresponds  to  a  slant-range  resolution  of 
only  100  m.  However  the  use  of  stepped-frequency  pro¬ 
cessing  yielded  a  final  slant-range  resolution  of  1.56  m. 

The  CARABAS  system  is  a  practical  example  of  an 
airborne  SAR  system  which  operates  in  the  lower  part  of 
the  VHF-band  to  produce  surface  images  using  stepped- 
frequency  waveforms  [2]. 

SYNTHETIC  RANGE  PROFILING  APPLIED  TO  SAR 

To  produce  SAR  images  with  stepped-frequency  wave¬ 
forms  basically  requires  the  production  of  one  SRP  per 
coarse  range  bin.  Obtaining  a  SRP  involves  the  following 
steps  [5]: 

1.  Transmit  a  burst  of  n  pulses,  each  pulse  shifted  in 
frequency  by  a  fixed  frequency  step  size  A/. 

2.  Collect  one  I  and  Q  sample  of  the  target’s  base¬ 
band  echo  response  in  each  coarse  range  bin  for  every 
transmitted  pulse.  These  samples  are  the  frequency- 
domain  measurements  of  the  target’s  spectral  profile. 

3.  Apply  an  inverse  discrete  Fourier  transform  (DFT"”^) 
on  the  n  complex  samples  in  each  coarse  range  bin 
to  obtain  an  n-element  SRP  of  the  target  in  the  re¬ 
spective  coarse  range  bin. 

In  contrast  with  data  obtained  from  pulse-compression 
radars,  the  data  is  already  compressed  in  the  range  direc¬ 
tion  at  this  stage,  since  the  slant-range  resolution  has  been 
obtained  synthetically  using  the  inverse  discrete  Fourier 
transform.  The  azimuth  resolution,  however,  can  be  ob¬ 
tained  as  in  pulse-compression  radars  by  coherently  inte¬ 
grating  the  range-resolved  echo  signals  that  were  obtained 
during  the  real  beam  dwell  time.  This  aspect  is  not  ad¬ 
dressed  in  this  paper.  Furthermore,  to  obtain  high  reso¬ 
lution  images,  motion  compensation  and  range  curvature 
would  have  to  be  addressed  as  well.  Another  problem 
not  discussed  in  this  paper  is  the  variation  of  the  radar 
response  with  frequency  and  observation  angle  [1],  which 
varies  significantly  over  the  synthetic  aperture  path. 
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The  synthetic  slant-range  resolution  is  given  by 


Table  1:  Parameters  of  radar  using  SRP 


?res 


C 

2nAf  ’ 


and  the  slant-range  ambiguity  length  is  given  by 


Ws  = 


2A/  * 


(1) 

(2) 


Ideally  the  matched  filter  integration  length,  given  by 
where  Tp  is  the  pulse  length,  should  equal  the  slant-range 
ambiguity  length  Wg .  This  leads  to  a  pulse  length  of 


When  the  integration  length  is  greater  than  Wg ,  foldover 
will  occur  due  to  integration  of  scatterers  outside  the 
unambiguous  range  length.  However  if  the  integration 
length  is  smaller  than  Wg ,  the  echo  signal  will  only  con¬ 
tain  energy  integrated  from  a  range  depth  smaller  than 
the  slant-range  ambiguity  length. 


SYNTHETIC  RANGE  PROFILES  OF  AEROPLANES 


The  feasibility  of  using  stepped-frequency  waveforms 
to  produce  high  resolution  down-range  profiles  has  al¬ 
ready  been  demonstrated  by  the  production  of  SRPs  of 
aeroplanes  [4].  Fig.  2  shows  the  SRP  of  an  A320  air¬ 
bus  that  has  been  produced  by  transmitting  linear  chirp 
pulses  at  55  different  frequencies  at  L-Band.  Two  pulses 
were  transmitted  at  each  frequency  in  order  to  carry  out 
moving  target  indication  (MTI)  processing.  Each  pulse 
had  a  bandwidth  of  3. 6364  MHz,  which  resulted  in  a  com¬ 
pressed  pulse  width  of  Tc  =  275  ns.  The  pulse  resolution 
was  therefore  ^  =  41.225m,  which  is  about  the  length 
of  a  large  aircraft.  The  frequency  spacing  was  1.875  MHz, 
which  corresponds  to  a  range-delay  extent  of  80  m,  which 
is  about  twice  the  length  of  the  pulse  resolution.  The  to¬ 
tal  processed  radar  bandwidth  was  103.125MHz,  which 
results  in  a  slant-range  resolution  of  1.45  m. 


Frequency  Step  Size 

A/ 

1.5  MHz 

Number  of  Steps 

n 

64 

Start  Frequency 

fo 

90.75  MHz 

Stop  Frequency 

fes 

185.25  MHz 

Total  Radar  Bandwidth 

B 

96  MHz 

Slant-Range  Resolution 

^res 

1.56  m 

A/D  sampling  frequency 

fad 

1.5  MHz 

Coarse  Range  Bin  Size 

Rhin 

100  m 

Pulse  Length 

Tp 

666.67  ns 

Pulse  Repitition  Frequency 

PRF 

11.52kHz 

SIMULATION  RESULTS 

Table  1  gives  the  parameters  that  were  used  to  obtain 
the  simulated  SAR  data.  Fig.  3  shows  the  magnitude 
along  a  range  line  of  a  single  resolved  point  target.  The 
dashed  line  indicates  the  coarse  range  bin  in  which  the 
point  target  is  situated.  Samples  were  collected  in  four 
successive  coarse  range  bins,  each  bin  having  a  slant-range 
extent  of  100m  (corresponding  to  a  667ns  pulse).  Note 
that  the  instantaneous  bandwidth  and  the  A/D  sampling 
frequency  required  are  only  1.5  MHz,  compared  with  the 
final  processed  bandwidth  of  96  MHz.  The  original  PRF 
of  180  Hz  was  increased  by  a  factor  of  64,  giving  a  final 
PRF  of  11.52  kHz.  A  radar  mounted  on  an  aircraft  which 
flies  at  a  height  of  10  km,  mapping  out  a  4  km  wide  swath 
in  slant  range,  requires  a  PRF  of  less  than  37.5  kHz  to 
avoid  ambiguity  problems.  However  if  it  is  required  that 
one  pulse  has  to  be  received  before  the  next  pulse  is  trans¬ 
mitted,  this  increase  in  PRF  will  be  unacceptable.  The 
technique  of  multiple  PRF  ranging  [3  pg.  116]  may  be  used 
to  solve  this  problem. 

In  Fig.  4  a  range  line  displaying  three  resolved  targets 
is  shown.  The  important  thing  to  note  in  Fig.  4  is  the 
spill-over  of  energy  into  the  successive  range  bin.  The 
next  section  discusses  this  problem  in  more  detail. 


Figure  2:  Synthetic  Range  Profile  of  an  A320  airbus 


Figure  3:  Synthetic  range  profile  of  a  single  point  target 
in  one  coarse  range  bin 
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Figure  4:  Synthetic  range  profile  of  three  point  targets 
in  one  coarse  range  bin,  showing  spill-over  of  energy  into 
successive  range  bin 

SAMPLING  CRITERIA 

Fig.  5  shows  that  for  a  single  point  target  it  is  possible 
to  avoid  spill-over  of  energy  into  the  successive  range  bin 
by  sampling  the  matched  filter  output  exactly  at  the  peak 
of  the  triangular  waveform.  This  scenario  was  followed 
when  the  data  of  Fig.  3  was  produced.  However  as  soon 
as  there  is  more  than  one  point  target  (which  is  the  case 
in  practice),  there  will  be  an  inevitable  spill-over  of  energy 
into  the  next  range  bin,  as  illustrated  in  Fig.  5.  Sampling 
still  takes  place  at  the  theoretical  peak  of  the  first  pulse, 
but  some  of  the  energy  of  the  second  pulse  and  even  more 
energy  of  the  third  pulse  is  also  sampled  in  the  next  coarse 
range  bin.  This  explains  the  decrease  in  amplitude  of  the 
second  and  third  pulse  as  seen  in  Fig.  4. 

A  solution  to  the  problem  of  spill-over  of  energy  would 
be  to  sample  every  second  coarse  range  bin  during  one 
transmitted  pulse,  and  then  every  other  second  coarse 
range  bin  during  the  next  transmitted  pulse.  This,  how¬ 
ever,  will  increase  the  PRF  by  a  factor  of  two.  Further 
investigations  are  being  carried  out  using  windowing  func¬ 
tions  and  overlapping  coarse  range  bins,  in  order  to  arrive 
at  a  satisfactory  solution  regarding  the  sampling  of  re¬ 
turning  waveforms. 


Figure  5:  Sampling  the  output  of  the  matched  filter 


SKIPPING  FREQUENCIES 

An  important  advantage  of  using  stepped-frequency 
waveforms  is  the  capability  of  skipping  certain  frequen¬ 
cies  that  would  otherwise  be  corrupted  by  external  sources 
such  as  broadcast  FM  and  mobile  radio.  Before  transmit¬ 
ting  a  pulse,  the  receiver  could  predict  how  much  inter¬ 
ference  there  will  be  at  a  particular  frequency,  and  then 
decide  to  skip  that  frequency.  Since  the  order  in  which 
frequencies  are  transmitted  is  not  important,  the  radar 
could  try  to  transmit  a  skipped  frequency  at  a  later  stage 
in  the  burst.  Another  way  out  would  be  to  interpolate 
the  I  and  Q  values  of  skipped  pulses  from  those  I  and  Q 
values  of  surrounding  pulses. 

CONCLUSIONS 

The  results  that  have  been  obtained  from  simulated 
S AR  data  show  that  it  is  feasible  to  use  stepped-frequency 
waveforms  to  produce  high  resolution  VHF  SAR  images. 
Not  only  do  stepped-frequency  waveforms  alleviate  the  in¬ 
stantaneous  bandwidth  requirements  of  the  radar  system, 
but  they  also  offer  the  capability  of  skipping  frequency  re¬ 
gions  that  might  be  polluted  by  external  sources.  This  is 
expected  to  be  a  major  feature  of  such  a  system,  since  the 
amount  of  interference  at  the  VHF  band  is  expected  to 
be  quite  severe. 

Further  work  will  have  to  be  carried  out  to  investigate 
the  effects  of  interpolating  missing  pulses,  to  solve  the 
problems  of  the  matched  filter  effect  satisfactorily,  to  in¬ 
vestigate  the  use  of  multiple  PRF  ranging  and  to  imple¬ 
ment  high  resolution  SAR  azimuth  processing. 
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Abstract  —  Radar  images  are  inherently  degraded  by  a  strong, 
multiplicative  noise  known  as  speckle.  The  most  frequently 
used  speckle  filters  are  adaptive  in  the  sense  that  the  filtering 
operation  depends  on  estimations  of  local  statistics  calculated 
on  a  neighbourhood  of  the  considered  pixel.  The  choice  of 
the  neighbourhood  is  consequently  an  important  issue.  In  this 
paper  we  introduce  a  new  method  which  uses  segmentations 
obtained  prior  to  filtering.  This  region-based  approach  is  com¬ 
pared  to  versions  using  sliding  windows.  The  study  is  limited 
to  agricultural  scenes  composed  of  distinct  parcels  of  relatively 
homogeneous  reflectivity.  Without  loss  of  generality,  we  have 
restricted  ourselves  to  the  LMMSE  filter  of  Kuan  et  al 

INTRODUCTION 

Speckle  filtering  consists  in  estimating  the  true  reflectivity  R  as 
a  function  of  the  intensity  /  of  a  pixel  and  some  local  statistics 
calculated  on  a  neighbourhood  of  this  pixel.  To  obtain  pre¬ 
cise  estimations,  the  neighbourhood  must  contain  a  sufficient 
number  of  pixels,  but  it  is  equally  important  that  the  the  image 
is  stationary  in  the  neighbourhood.  The  problem  of  estimating 
the  underlying  reflectivity  is  consequently  closely  related  to  the 
detection  of  non-stationarities,  such  as  edges,  lines  and  textural 
transitions.  It  is  in  general  necessary  to  include  structural  de¬ 
tectors  in  the  filtering  process  to  delimit  the  neighbourhood  on 
which  the  local  statistics  are  estimated. 

Let  us  take  the  scalar  LMMSE  filter  of  Kuan  et  al  [1]  as  an 
example.  The  linear  estimator  R  minimizing  the  mean  square 
error  E'[(i2  —  ^)^]  is  given  by 

R^al  —  a)iXR^  0  <  a  <  1.  (1) 

The  local  mean  reflectivity  fiR  is  estimated  by  the  local  mean 
intensity  /t/.  The  parameter  a  is  a  function  of  the  local  coef¬ 
ficient  of  vmation  (7//^/:  The  higher  the  local  heterogeneity, 
the  closer  JR  is  to  /,  ie  the  weaker  is  the  smoothing.  In  a  zone 
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of  constant  reflectivity,  the  coefficient  of  variation  is  related  to 
the  equivalent  number  of  looks  L  by 

ailm  =  1/v/Z.  (2) 

If  ^  (1  +  the  variations  in  the  neighbourhood 

may  be  due  entirely  to  speckle,  and  the  neighbourhood  is  said 
to  be  Gamma-homogeneous.  In  this  case  it  is  reasonable  to 
override  (1)  and  merely  set  R  =  [2]. 

Early  versions  of  the  adaptive  speckle  filters  use  a  fixed  size 
window  centered  on  the  pixel  to  be  filtered,  as  shownin  Fig.  1  a). 
On  one  hand,  a  large  window  should  be  chosen  to  minimize 
the  variance  of  the  estimations  of  the  local  statistics.  On  the 
other  hand,  a  large  window  size  is  likely  to  increase  the  local 
heterogeneity  measure,  so  that  the  noise  reduction  gets  weaker. 
Refined  versions  include  local  edge  detection,  realized  by  a  set 
of  directional  masks,  to  improve  the  homogeneity  of  the  zone 
on  which  the  estimations  are  performed  [3].  This  method  is 
illustrated  in  Fig.  lb).  The  limited  number  of  masks  and  the 
sensibility  of  such  local  edge  detectors  to  speckle  set  bounds  to 
the  efficacity  of  this  method.  A  further  improvement  consists  in 
letting  the  size  of  the  window  increase  gradually  in  order  to  ob¬ 
tain  maximum  size  Gamma-homogeneous  neighbourhoods  [4], 
but  for  simplicity  this  method  will  not  be  considered  here. 

REGION-BASED  SPECKLE  FILTERING 

The  presence  of  speckle  makes  the  segmentation  of  S  AR  images 
extremely  difficult.  A  hybrid  segmentation  technique  [5],  based 
on  the  Ratio  Of  Exponentially  Weighted  Averages  (ROEWA) 
operator,  the  watershed  algorithm  and  region  merging,  has 
nevertheless  permitted  us  to  obtain  satisfactory  segmentations 
of  images  composed  of  agricultural  parcels  without  any  prior 
filtering.  Our  idea  is  to  use  the  statistics  calculated  on  the  entire 
region  when  filtering  a  given  pixel,  as  shown  in  Fig.  Ic).  This 
approach  is  computationally  efficient,  as  the  statistics  are  not 
calculated  for  each  pixel,  but  only  once  for  each  region.  The 
segmentation  can  not  be  considered  as  perfect,  even  though  it 
approaches  a  thematic  partition  in  regions.  It  should  also  be 
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Figure  1 :  Neighbourhoods  for  the  estimation  of  local  statistics. 


noted  that  thematic  regions  are  not  necessarily  neither  Gamma- 
homogeneous  nor  stationary.  An  intermediate  solution,  which 
is  more  robust  to  segmentation  errors,  is  to  base  the  estimations 
on  those  of  the  pixels  of  a  fixed  size  window  that  belong  to  the 
same  region  as  the  central  pixel,  as  shown  in  Fig.  Id). 

COMPARISON 

The  four  methods  cited  above  have  been  tested  on  ERS 1  images 
of  an  agricultural  scene  near  Bourges,  France.  Fig.  2  shows  an 
extract  of  a  raw  image  and  the  segmentation  obtained  by  the 
hybrid  segmentation  scheme.  Fig.  3  shows  the  speckle  reduced 
images  obtained  by  the  different  versions  of  the  scalar  LMMSE 
filter.  The  size  of  the  sliding  window  was  set  to  9  x  9.  The 
version  using  a  set  of  directional  masks  to  detect  edges  [2]  gives 
an  important  improvement  compared  to  the  classic  version, 
particularly  in  preserving  edges  and  other  structures,  but  it 
introduces  artefacts  inside  the  different  regions.  This  effect 
is  greatly  reduced  when  the  statistics  are  calculated  on  entire 
regions,  defined  by  a  segmentation  foxmd  prior  to  filtering.  It 
should  be  stressed  that  the  performance  depends  strongly  on  the 
segmentation.  In  our  experience,  a  slight  over-segmentation  is 
to  prefer,  as  details  that  are  not  represented  in  the  segmentation 
will  be  degraded.  This  problem  concerns  fine  structures  as  well 
as  slow  changes.  The  majority  of  the  edges,  which  have  been 
correctly  detected,  are  well  preserved.  In  the  filtered  image 
the  transitions  may  actually  appear  too  abrupt,  owing  to  the 
fact  that  the  edge  pixels  are  attributed  to  one  of  the  regions, 
even  though  they  are  generally  mixed  pixels,  ie  the  response  of 
elementary  scatterers  from  both  regions.  The  regions  defined  by 
the  segmentation  are  in  general  much  larger  than  a  9  x  9  window. 
This  seems  to  increase  the  local  heterogeneity  and  reduce  the 
strength  of  the  speckle  filtering,  especially  in  regions  containing 


a  very  high  number  of  pixels.  The  intermediate  solution,  using 
only  those  of  the  pixels  of  the  region  that  lie  inside  a  fixed  size 
window,  is  less  sensitive  to  segmentation  errors  and  offers  a 
better  noise  reduction  at  the  cost  of  a  higher  computation  time. 

CONCLUSION 

This  region-based  approach  to  speckle  filtering  is  a  computa¬ 
tionally  efficient  way  of  reducing  speckle  while  retaining  sig¬ 
nificant  edges.  The  segmentation  method  was  developed  for 
agricultural  parcels,  ie  scenes  composed  of  distinct  regions  of 
approximately  constant  reflectivity  without  neither  texture  nor 
relief.  The  edges  that  have  been  correctly  identified  by  the  seg¬ 
mentation  are  well  preserved,  but  when  we  estimate  the  local 
statistics  by  regions,  the  speckle  reduction  is  not  as  strong  as  for 
the  method  using  directional  masks.  The  intermediate  version, 
using  the  segmentation  in  combination  with  a  sliding  window, 
offers  a  good  compromize. 

Further  progress  in  SAR  image  segmentation  would  un¬ 
doubtedly  improve  the  results.  In  order  to  conserve  thin  linear 
structures,  such  as  roads  and  rivers,  appropriate  structural  de¬ 
tectors  must  be  added.  The  same  applies  to  transitions  in  tex¬ 
ture.  Artificial  objects,  where  the  speckle  is  not  fully  developed, 
should  be  identified  and  treated  separately.  The  problem  of  too 
abrubt  radiometric  transitions  at  edges  could  be  reduced  by 
treating  edge  pixels  in  a  special  manner,  eg  using  the  local  stat¬ 
istics  estimated  on  both  sides  of  the  edge  to  compute  a  weighted 
average.  Inspired  by  [4],  the  speckle  reduction  could  be  im¬ 
proved  by  combining  the  segmentation  with  a  variable  size 
window  controlled  by  a  stationarity  criterion  and  guidelines  on 
the  minimum  and  maximum  number  of  pixels. 
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Figure  3;  LMMSE  filtered  images:  First  row:  using  a  sliding  window  (left)  and  a  sliding  window  with  edge  detection  (right). 
Second  row:  using  the  segmentation  (left)  and  the  segmentation  in  combination  with  a  sliding  window  (right). 


Reversible  Inter-Frame  Compression  of  Multispectral  Images 
Based  on  a  Previous-Closest-Neighbor  Prediction 

B.  Aiazzi*,  P.  S.  Alba*,  L.  Alparone®,  S.  Baronti*,  P.  Guarnieri® 


*Istituto  di  Ricerca  sulle  Onde  Elettromagnetiche  "Nello  Carrara”  -  CNR,  via  Panciatichi,  64,  1-50127  Firenze,  Italy 
Phone:  +39-55-4235-275;  Facsimile:  +39-55-410893;  E-mail:  baronti@iroe.fLcnr.it 
°  Dipartimento  di  Ingegneria  Elettronica,  University  of  Florence,  via  S.  Marta,  3,  1-50139  Firenze,  Italy 
Phone:  +39-55-4796-372;  Fax:  +39-55-494569;  E-mail:  alparone@cosimo.ing.unifi.it 


Abstract  -  Previous  Closest  Neighbor  (PCN)  prediction  has 
been  recently  proposed  for  lossless  data  compression  of 
multispectral  images,  in  order  to  take  advantage  of  inter-band 
data  correlation.  The  basic  idea  to  predict  the  value  of  the 
current  pixel  in  the  current  band  on  the  basis  of  the  best  zero- 
order  predictor  on  the  previously  coded  band  has  been  applied 
by  extending  the  set  of  predictors  to  those  adopted  by  lossless 
JPEG.  Performances  increase  of  more  than  5%  when  passing 
from  the  original  set  of  predictors  to  the  extended  set. 


because  of  the  connectivity  constraint  (i.e.,  the  scanning  path 
must  embrace  all  pixels  once).  This  fact  leads  to  some  locally 
suboptimal  choices  to  yield  a  globally  optimum  graph. 

Spectral  correlation  is  exploited  by  assuming  that  the 
optimum  prediction  graph  for  a  given  band  will  be  very 
similar  to  the  graph  of  the  previously  encoded  adjacent  band. 
Therefore  the  graph  is  computed  from  the  previous  band  and 
used  to  encode  the  current  band  without  introducing  any 
overhead,  since  the  graph  need  not  be  encoded  as  well. 


INTRODUCTION 


PCN  ALGORITHM 


Reversible  image  compression  is  gaining  the  attention  of  an 
ever  increasing  audience  in  the  field  of  remote  sensing,  in 
which  the  availability  of  high-resolution  high-SNR 
multispectral  imaging  sensors  from  aircraft  and  spacecraft 
demands  robust  and  efficient  coding  techniques  capable  to 
capture  inter-band  redundancy  without  destroying  the 
underlying  intra-band  correlation  [1]. 

Although  differential  pulse  code  modulation  (DPCM)  [2] 
schemes  (e.g.,  lossless  JPEG  [3])  is  employed  for  error-free 
compression,  their  straightforward  extension  to  multispectral 
image  data  usually  leads  to  negligible  coding  gains  [4]  or  even 
to  performance  penalties  with  respect  to  single-band  coding. 

Different  approaches  have  been  recently  investigated  based 
on  the  largely  verified  assumption  that  space  details  are 
correlated  along  neighboring  spectral  bands.  This  fact  implies 
that  the  same  spatial  edge  occurs  in  two  adjacent  bands, 
notwithstanding  the  two  bands  may  locally  differ  by  a  gain 
factor  and  an  offset  due  to  different  sensor  responses,  which 
prevents  a  quantitative  prediction  from  being  formulated.  A 
relative  information  of  the  current  band  from  a  neighborhood 
of  pixels  in  the  previously  encoded  band  will  be  far  more 
useful  than  an  absolute  prediction  (i.e.,  a  predicted  value). 

This  concept  has  been  exploited  in  [5]  by  considering  a  path, 
scanning  all  the  pixels  within  an  image  band,  such  that  the 
average  absolute  difference  between  pairs  of  adjacent  samples 
is  minimized.  Such  a  path,  which  is  indeed  a  graph  connecting 
all  the  pixels  will  not  necessarily  comprise  the  minimum- 
distance  branch  among  the  eight-neighbors  of  each  pixel, 
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A  simplified  version  of  the  above  scheme  is  also  suggested 
by  Memon  et  al  [5]  to  dramatically  speed  up  computation 
(both  coding  and  decoding)  at  a  comparable  performance. 
Each  image  band,  say  the  ^th  band,  is  raster  scanned,  thereby 
making  prediction  to  be  possible  only  from  four  out  of  the 
eight-neighbor  pixels  (causal  neighborhood),  namely  Af., 

Q,  and  as  illustrated  in  Figure  1. 


■ 

I 


Figure  1.  -  Causal  neighborhood  of  pixel  X  ink  band, 

The  connectivity  constraint  is  granted  by  the  scanning 
fashion:  therefore,  all  of  the  four  causal  neighbors  are  checked 
for  their  minimum  absolute  difference  from  the  current  pixel, 
thus  resulting  in  an  optimum  causal  prediction  based  on  the 
Previous  Closest  Neighbor  (PCN).  Again,  the  underlying 
assumption  that  allows  inter-band  redundancy  reduction,  is 
that  for  each  pixel,  the  PCN  on  the  previously  encoded  band 
is  likely  to  be  the  same  as  for  the  current  band,  and  therefore 
it  may  be  easily  computed  from  the  previous  band  available 
at  the  receiving  end  with  a  minimum  effort. 
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Let  X\,i,  I  =  7,...,^,  denote  the  set  of  predictors  at  (rj) 
evaluated  at  k-lih  band  of  a  multispectral  image  with  N  bands: 


tl 

(1) 

The  optimum  inter-band  PCN  prediction  at  (/j)  in  the  ^h 
band,  k  =  will  be  given  by  X/,  where 

-Ci(^i)|  =  min  k, (/,;■)  -  (2) 

Hence,  the  algorithm  may  be  regarded  an  adaptive  zero-order 
predictor  driven  by  the  previously  encoded  band. 


INTRA-BAND  LOSSLESS  JPEG 


It  is  known  that  zero-order  prediction  (i.e.,  a  prediction  from 
a  single  neighbor  pixel)  can  easily  be  improved  by  considering 
a  combination  of  more  neighbor  pixels  simultaneously  [2].  In 
this  light,  an  extension  of  the  set  of  predictors  used  by  PCN 
algorithm  is  introduced.  A  multispectral  lossless  JPEG,  (i.e., 
DPCM-based  [3])  is  derived.  Again  with  reference  to  Fig.  1, 
prediction  is  achieved  by  means  of  the  following  set  of  8 
predictors,  which  have  been  standardized  by  JPEG: 


=  0  {no  prediction) 
X/  =A, 


x;  =  B, 


=  c, 


x:  = 


x:  = 


B.  -  C 


.A  6 

K 


X  = 


4  + 


(3) 


Notice  that  ///,  /  =  0,  represents  the  zeroth  order  entropy  of 
the  Idh  band,  without  any  decorrelation.  Zeroth  predictor  is 
never  used  globally,  unless  for  extremely  uncorrelated  images. 


INTER-BAND  LOSSLESS  JPEG 

An  enhanced  version  of  PCN  will  now  be  defined  from  the 
standard  set  of  eight  JPEG  predictors  (3). 

Again,  let  X^^.y,  I  =  ft..., 7,  denote  the  set  predictors  (3)  at 
(/,;)  evaluated  in  the  ^-ith  band.  Except  for  the  first  band 
which  is  intra-coded  following  the  procedure  outlined  in  the 
previous  section,  optimum  inter-band  JPEG  prediction  at  {ij) 
in  the  k\h  band,  k  -  will  be  given  by  X^*,  where  again 

. 7 

Hence,  the  algorithm  may  be  regarded  as  an  adaptive  lossless 
JPEG,  in  which  prediction  is  driven  by  the  previously  encoded 
band.  Notice  that  if  no-prediction  (/  =  0)  is  locally  preferable 
to  any  of  the  X^/,  /  =  this  can  be  achieved,  e.g.,  for  a 

dark  spot  surrounded  by  a  brighter  background. 

For  such  algorithms  as  PCN  and  Inter-Band  Lossless  JPEG 
(IB-JPEG),  as  well  as  for  any  multispectral  decorrelation 
method,  the  order  in  which  the  bands  are  considered  is 
essential  for  the  coding  success  [6].  In  fact,  the  different  bands 
available  should  be  arranged  in  a  sequence  that  maximizes  the 
average  correlation  between  two  consecutive  bands.  Such  a 
sequence  strongly  depends  on  the  multispectral  imaging 
sensor;  therefore,  once  it  has  been  established,  it  will  be  the 
same  also  for  most  of  the  imaged  scenes,  notwithstanding  they 
exhibit  different  characteristics.  Depending  on  the  correlation 
coefficient  between  two  successive  bands,  the  second  band 
might  better  be  encoded  intra-band  than  inter-band.  Therefore, 
a  flag  bit  can  be  added  to  each  band  in  order  to  specify  the 
decorrelation  mode,  either  intra  or  inter,  along  with  the  label 
of  the  optimum  global  predictor  for  the  intra  case. 

This  strategy  is  similar  to  the  declarations  of  /  (intra-frame), 
P  (forward  prediction,  i.e.  causal),  and  B  (backward 
prediction,  i.e.,  non-causal)  modes  for  motion-compensated 
frames  in  MPEG-2  video  compression  standard. 


CODING  RESULTS  AND  COMPARISONS 


Standard  intra-frame  JPEG  works  as  follows: 
for  band  k,  k  = 

calculate  Efl(iJ)  =  Xk(iJ)-Xil(iJ),  I  =  ft..., 7,  over  all  {ij); 
calculate  ///,  zero-order  entropy  of  E/,  I  =  0,...7; 
choose  predictor  Xf  yielding  over  whole  band; 

encode  Ef{i,j),  V  {if). 

stop 


A  2560  X  1536  pels,  8-bit/pel,  7-band  image  of  Metaponto, 
Southern  Italy,  from  Landsat  Thematic  Mapper  (TM)  satellite 
sensor  has  been  used  for  all  coding  tests. 

Covariance  matrix  has  been  calculated  over  the  whole 
multispectral  image  and  yields  the  following  values  of 
correlation  (below  diagonal)  variance  (diagonal)  and 
covariance  (above  diagonal),  as  Table  1  reports. 
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Band 

1 

2 

3 

4 

5 

6 

7 

1 

228 

114 

121 

82 

303 

193 

176 

2 

0.87 

74 

107 

69 

222 

78 

136 

3 

0.57 

0.88 

198 

89 

394 

126 

226 

4 

0.33 

0.48 

0.38 

279 

390 

119 

141 

5 

0.58 

0.74 

0.81 

0.67 

1201 

299 

916 

6 

0.73 

0.51 

0.51 

0.40 

0.49 

310 

203 

7 

0.60 

0.81 

0.83 

0.43 

0.92 

0.59 

376 

Table  1.  Correlation  and  covariance  from  test  Landsat  image. 

The  above  matrix  suggests  the  best  band-ordering  to 
maximize  correlation  within  pair  of  successive  bands.  The 
sequence  of  bands  is:  1  -  2  -  3  -  7  -  5  -  4  -  6,  corresponding 
to  correlation  values  between  neighboring  bands  of:  0.87,  0.88, 
0.83,  0.92,  0.67,  0.40,  as  shown  in  Table  1.  It  is  noteworthy 
that  the  optimum  sequence  found  in  this  work  is  the  same  that 
may  be  derived  from  the  correlation  matrix  of  different  TM 
images  [6],  which  allows  a  more  general  use  of  results. 

Figures  2  and  3  show  coding  performances  compared  with 
PCN,  JPEG,  and  4-pel  auto-regressive  DPCM  [2], [6]. 


Band 


liii  PCN  H  IB-JPEG 

■  JPEG  ■  4-AR 

Figure  2.  Bit-rates  from  the  7  TM  bands  coded  with  4 
methods:  PCN,  JPEG,  inter-band  JPEG,  4-regression  DPCM. 


CONCLUSIONS 

The  set  of  zero-order  predictors  originally  used  for  PCN  has 
been  extended  by  incorporating  the  eight  spatial  predictors 
used  for  reversible  JPEG,  thus  resulting  in  a  multispectral 
lossless  JPEG,  performing  inter-frame  decorrelation. 

In  order  to  evaluate  the  capabilities  of  the  method,  multi¬ 
band  correlation  has  been  analyzed  in  Landsat  TM  images  to 


yield  the  sequence  of  images  that  maximizes  average  cross¬ 
correlation  between  any  two  consecutive  bands. 

A  coding  strategy  consists  of  adopting  for  each  band  the 
most  advantageous  method  between  intra-frame  JPEG  and 
inter-frame  JPEG  (i.e.,  the  proposed  extended  PCN). 


Figure  3.  Bit-rate  of  the  four  methods  averaged  over  the 
seven  bands:  bands  4  and  6  are  intra-coded  in  IB-JPEG,  band 
6  is  intra-coded  in  PCN  (see  Fig.  2). 

Coding  gain  has  been  of  the  order  of  6%  with  respect  to  the 
original  PCN,  and  of  about  4%  with  respect  to  reversible 
JPEG.  These  results  are  expected  to  be  improved  when  data 
with  a  larger  number  of  bands,  like  AVIRIS,  will  be 
considered,  or  when  spatial  predictors  more  powerful  than 
those  used  in  JPEG  will  be  incorporated  in  the  baseline  of  the 
3-D  decorrelation  method,  first  suggested  by  Memon  et  al. 
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Abstract  —  It  is  well  recognized  within  the  remote  sensing 
community  that  there  exists  spectral  correlation  between  bands 
1 , 2,  and  3  (which  represent  reflected  blue,  green,  and  red  light 
respectively),  and  also  bands  5  and  7  (which  are  reflected 
middle-infrared  bands)  of  the  Landsat  Thematic  Mapper  (TM) 
multispectral  image.  In  this  paper,  we  are  presenting  the 
outcome  of  some  experiments  which  use  the  spectral  correlation 
as  well  as  spatial  correlation  of  the  brightness  values  (BVs)  to 
compress  the  TM  multispectral  data.  Our  method  compresses 
one  of  the  bands  using  the  standard  JPEG  compression,  and  then 
orders  the  next  band’s  data  with  respect  to  the  previous  band’s 
sorting  permutation.  Then,  a  move  to  front  coding  technique  is 
used  to  lower  the  source  entropy,  before  actually  encoding  the 
data.  It  has  been  observed  that  our  method  yields  tremendous 
gain  on  the  visible  bands  (on  the  average  0.4  -  0.6  bpp)  and  can 
be  successfully  used  for  multispectral  images  where  the  spectral 
distances  are  closer. 

INTRODUCTION 

The  goal  of  data  compression  is  to  find  shorter 
representations  for  any  given  data.  In  a  data  storage  application, 
this  is  done  in  order  to  save  storage  space  on  an  auxiliary  device 
or  in  the  case  of  a  communication  scenario,  to  increase  the 
channel  throughput. 

Image  compression  is  divided  into  two  main  groups, 
lossy  and  lossless.  Most  of  the  literature  on  image  compression 
deals  with  lossy  techniques,  for  which  the  pixel  intensities 
cannot  be  recovered  from  an  encoded  bit  stream.  Lossless 
applications,  such  as  digital  radiology  in  the  medical  sciences 
and  satellite  imagery  in  remote  sensing  cannot  tolerate  such 
irreversible  loss  of  data  since  the  images  are  subject  to  further 
processing,  and  even  minor  data  losses  could  render  an  image 
useless. 

A  lossless  image  compression  technique  consists  of 
two  main  components,  modeling  and  encoding  [1].  A  model 
captures  the  structure  inherent  in  the  raw  data  and  extracts  it. 
The  residual,  also  called  an  error,  is  then  encoded  using  an 
entropy  encoding  technique.  Encoding  techniques,  such  as 
Arithmetic  and  Huffman  encoding,  are  known  to  perform 
optimally  in  terms  of  the  number  of  bits  used  to  encode  a  given 
data  source.  Hence,  the  critical  task  in  data  compression  is  of 
modeling. 

Although  much  work  has  been  done  toward  developing 
algorithms  for  compressing  image  data  [2],  [3],  very  little  is 
known  on  the  exploitation  of  spectral  relationships  to  compress 

0-7803-3068-4/96$5.00©1996  IEEE 


the  multiband  images.  A  good  survey  of  compression 
techniques  used  in  remote  sensing  applications  is  presented  in 
[4]. 

Due  to  the  fact  that  adjacent  pixels  are  correlated  in  an 
image,  spatial  correlation  is  present.  Well  known  image 
compression  techniques,  such  as  JPEG  [5]  use  spatial 
correlation  among  the  adjacent  pixels  to  decorrelate  image  data, 
before  actually  encoding  it.  However,  unlike  single-band 
images,  multispectral  images  also  have  spectral  correlation 
between  adjacent  spectral  bands.  In  the  case  of  Landsat 
Thematic  Mapper  (TM)  data,  it  is  well  recognized  that  bands  1, 
2,  and  3  are  highly  correlated  with  each  other,  and  also  bands  5 
and  7. 

Although  spatial  correlation  is  exploited  by  standard 
lossless  compression  techniques,  little  success  has  been  attained 
in  taking  advantage  of  spectral  correlations.  In  this  paper,  we 
present  a  new  compression  technique  that  captures  these 
spectral  correlations,  as  well  as  the  spatial  correlation  for  some 
bands  of  the  TM  images.  Our  approach  indicates  that  for  some 
TM  images  an  additional  0.4  bits  per  pixel  (bpp)  or  more  may 
be  saved  on  the  average  over  the  standard  lossless  JPEG 
technique. 

LINEAR  PREDICTIVE  TECHNIQUES 

For  a  typical  image,  since  the  values  of  adjacent  pixels 
are  often  highly  correlated,  a  significant  amount  of  information 
about  a  pixel  value  may  be  obtained  by  examining  the 
neighboring  pixels.  Linear  Predictive  techniques  try  to  exploit 
these  correlations  between  neighboring  pixels.  They  scan  the 
image  in  a  fixed  order  and  predict  the  current  pixel  by  taking  a 
linear  combination  of  neighboring  pixels  that  have  been 
previously  transmitted.  The  JPEG  still  picture  compression 
standard  uses  linear  predictive  techniques,  and  has  eight 
predictive  schemes  [5]. 

Linear  prediction  schemes,  such  as  JPEG,  are  simple 
and  normally  result  in  a  significant  reduction  in  source  entropy. 
However,  they  do  not  exploit  the  spectral  correlation  among 
multispectral  bands  in  the  case  of  multi-band  images.  It  is, 
therefore,  important  to  find  good  algorithms  that  can  exploit 
spectral  dependencies  in  order  to  achieve  better  compression. 

MATHEMATICAL  PRELIMINARIES 

To  set  the  stage  for  our  later  discussions  in  this  paper, 
we  have  defined  the  basic  mathematical  concepts  in  this  section. 
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In  the  study  of  sorting  algorithms,  permutations  are  of  special 
importance  since  they  represent  unsorted  input  data  [4]. 

( r  r  \ 

^^/o>  — ’  /255; 


Knuth  [4],  explains  this  relationship  with  respect  to  different 
sorting  algorithms.  Given  a  set  5,  of  size  n  -  151,  there  are  n\ 
unique  possible  orderings  of  the  set  S.  Let  Phtdinnxn  digital 
image,  that  is,  P^j  is  a  pixel  representing  the  row  and^) 
column,  for  i,  j  =  1,  and  suppose  that  P^j  is  a  byte 
representing  any  one  of  256  gray  values.  We  convert  the  square 
array  into  a  linear  array  P*  in  the  usual  way,  where  P\  =  P^j  for 
ij  =  1, ...,  n,  and  /:  =  (i  - 1)  *  n  +  j.  Thus,  k  ranges  over  the  { 1 , 
2, ...,  n^}.  In  this  way,  each  pixel  has  an  integer  index,  and  we 
can  regard  the  image  as  a  sequence  of  gray  values,  [P'j,  P\, ..., 
...,  P'„2].  If  ;ris  a  permutation  of  { 1,  2, ...  which  sort  the 
sequence  {P\,  P^,  P  y, ...,  P'„2]  in  ascending  order,  then  the 
sorted  sequence  is: 


F  <F  <...<F 


Since  n^  is  in  fact  much  larger  than  the  number  g  of  gray  values, 
the  sorted  sequence  gives  rise  to  a  partition  of  { 1,  2,  ...,  into 
blocks,  B„  B2,  Bg,  where  P;  =  i  for  all  e  ^  .  In  other 
words, 


-F^  <P’ 


<-<P\ 


where:  k,.  =  IP,!  for  I  <i<g. 

Here,  there  are  g  -  1  jumps,  where  g  is  the  number  of 
gray  values  attained  in  the  image.  This  generates  a  partition  of 
indices  into  blocks,  where  the  indices  in  each  block  can  be 
arranged  in  any  order.  Hence,  they  can  be  arranged  in 
ascending  order.  In  this  work,  we  call  such  a  sorting 
permutation  based  on  P’  the  canonical  sorting  permutation  and 
represent  it  with 


PERMUTATIONS  FOR  MULTISPECTRAL  IMAGE 
COMPRESSION 

A  multispectral  image  can  be  compressed  using  the 
following  protocol.  The  sender  uses  the  following: 

•  Obtain  the  canonical  sorting  permutation,  nl  of  by  (where 
represents  band  i) 

•  Compress  by  with  JPEG.  Encode  the  data  and  transmit  to  the 


receiver  along  with  3  bits  to  indicate  which  JPEG  operator  was 
used. 

•  Starting  from  i  =  2,  obtain  the  canonical  sorting  permutation, 
Tii. ,  of  band  b,.  Then,  apply  to  b,  to  get  bj. 

•  Apply  move  to  front  coding  to  b',  encode  the  resulting  data 
and  then  transmit  it  to  the  receiver. 

The  receiver: 

•  Decode  by,  undo  the  effect  of  JPEG  operator  and  obtain  the 

TC’. 

•  Starting  from  i  =  2,  for  each  band  received,  decode  the  data, 
undo  the  effect  of  the  move  to  front  coding  and  using 
reorder  the  data  and  construct  band  b^. 

From  the  above  algorithms,  it  is  clear  that  permutations  do  not 
require  a  transmission  cost.  Hence  the  important  question  is 
“How  good  are  they  for  compression  purposes?” 

SIMULATION  RESULTS 

For  our  simulations,  we  used  the  TM  images  “Omaha”, 
“Crescent  Lake”,  and  ‘Wyoming”  which  were  obtained  from  the 
Center  for  Advanced  Land  Management  Information 
Technologies  (CALMIT)  at  the  University  of  Nebraska, 
Lincoln.  Our  test  images  differ  in  terms  of  size  and  are: 
“Omaha”  1,323  x  1,323;  “Crescent  Lake”  376  x  331;  and 
“Wyoming”  780  x  664. 

In  Table  1,  under  the  Band  1  and  Band  3  columns,  we 
list  the  results  obtained  in  terms  of  first-order  entropy  when  we 
applied  the  canonical  sorting  permutation  of  band  2  to  bands  1 
and  3,  followed  by  the  move  to  front  coding.  Also,  in  Table  1, 
for  comparison  purposes  we  present  the  results  of  the  best 
operator  of  the  standard  lossless  compression  technique  JPEG, 
when  applied  to  bands  1  and  3.  By  applying  the  canonical 
sorting  permutation  of  band  1  to  band  2,  and  band  2  to  band  3, 
improvements  over  the  JPEG  technique  were  observed  in  most 
cases.  However,  our  experimentation  also  shows  that  the 
application  of  the  canonical  sorting  permutation  of  band  2  to 
band  1  and  3  yields  more  gain  over  the  JPEG. 

This  can  be  explained  by  examining  the  location  of  TM 
bands  1,  2,  and  3  along  the  electromagnetic  spectrum  (EMS). 
The  EMS  is  a  continuum,  and  the  TM  bands  have  been  selected 
as  representative  components  of  this  continuum  based  on  their 
utility  for  a  variety  of  terrestrial  applications.  TM  bands  1,  2, 
and  3  represent  the  visible  portion  of  the  EMS  in  almost  a 
continuous  manner.  Since  band  2  is  located  between  bands  1 
and  3,  it  serves  as  a  link  or  a  transition  between  them. 
Therefore,  it  minimizes  the  spectral  distance  between  the  bands. 
For  example,  the  spectral  separation  between  bands  1/2  is  0.00 
pm  and  between  1/3  is  0.11  pm.  However,  the  spectral 
separation  between  bands  2/3  is  only  0.02  pm.  With  a  minimal 
spectral  distance  between  bands  1/2,  and  2/3,  band  2  would  be 
the  pivotal  point  where  correlations  between  the  3  bands  are 
maximized. 
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Table  1.  Entropy  of  applying  tz]  to  TM  bands  1  and  3, 
followed  by  move  to  front  coding,  versus  best  JPEG. 


Image 

Bandl 

JPEG 

Band  3 

JPEG 

Omaha 

3.80 

4.23 

3.21 

3.98 

Crescent  Lake 

3.28 

3.58 

3.02 

3.52 

Wyoming 

3.29 

3.98 

2.84 

3.94 
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Tate  [7]  has  presented  an  algorithm  for  ordering  the 
multispectral  images  prior  to  applying  his  JPEG  like  operators 
to  spectrally  ordered  bands.  Wang  et  al  [8]  used  correlation 
among  the  bands  for  ordering  them  prior  to  applying  their 
predictive  technique  based  on  regression.  For  TM  data,  which 
consist  of  7  bands,  we  tried  different  combinations  without 
using  Tate’s  or  Wang  et  al  algorithms  as  there  are  7!  (i.e., 
5,040)  possibilities.  We  observed  that  the  sorting  permutation 
on  band  2  is  more  suitable  on  bands  1  and  3.  In  addition,  the 
sorting  permutation  of  band  7  gives  better  results  on  band  5. 

DISCUSSION 

We  have  demonstrated  that  for  the  visible  bands  of  a 
TM  image,  permutations  can  capture  the  spectral  correlation  and 
yield  considerable  improvement  over  the  standard  JPEG 
compression  technique.  It  is  well  known  that  the  visible  bands 
are  more  closer  in  terms  of  wavelength  distance,  hence,  its 
natural  to  expect  that  those  bands  may  have  higher  spectral 
correlation  [9].  Due  to  this  high  correlation,  the  narrower 
spectral  band  widths,  and  the  continuous  spectrum  of  the  visible 
bands,  we  may  be  able  to  use  the  canonical  sorting  permutation 
of  band  2  to  increase  the  locality  of  reference  of  data  on  bands 
1  and  3.  Hence,  the  move  to  front  coding  can  generate  a  lower 
source  entropy. 

In  conclusion,  this  experiment  has  demonstrated  that  by 
using  the  canonical  sorting  permutation  on  the  spectral 
characteristics  of  remote  sensing  we  can  obtain  significant  gains 
in  compressing  these  data  over  the  standard  JPEG  technique. 
Specifically,  these  gains  were  more  applicable  in  the  case  of  the 
TM  visible  bands  1,  2,  and  3  than  the  mid-infrared  bands  5  and 
7,  due  to  the  high  degree  of  correlation  between  the  visible 
bands,  their  narrower  band  widths,  and  their  spectral  continuity. 
Additionally,  the  canonical  sorting  permutation  of  band  2  to 
bands  1  and  3,  yielded  a  higher  gain  than  that  of  band  1  to  band 
2,  and  band  2  to  band  3.  Therefore,  if  the  bands  are  more  closer 
in  terms  of  their  wavelength  distances,  and  are  ordered  with 
respect  to  their  correlationship  with  each  other,  then 
permutations  can  be  used  as  a  method  to  exploit  the  spectral 


correlation  and  improve  the  compression  gain  over  the  standard 
JPEG. 
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Abstract  -  A  novel  method  of  radar  altimeter  return 
noise  signals  identification  is  proposed.  The 
second-order  cumulant  given  by  the  conventional 
filtering  method  can  identify  the  Gaussian  signals. 
The  third-order  cumulant  can  distinguish  the  non- 
symmetric  and  non-Gaussian  component.  The 
forth-order  cumulant  that  are  provided  by  a 
special  method  can  discern  the  symmetric  non- 
Gaussian  as  well  as  harmonic  components. 

I.  INTRODUCTION 

During  recent  20  years,  the  spaceborne  radar 
altimeter  have  begun  to  find  wide  applicability 
in  studying  the  oceanology  and  earth  geodesy. 

Measured  radar  altimeter  return  signals  are 
composed  of  the  real  return  power  signals  and  the 
noise  signals,  and  the  noise  component  is  rather 
large.  In  order  to  remove  the  noise  signal,  we  need 
know  the  noise  distribution.  In  the  past,  due  to 
lack  of  analytical  tools,  the  noise  signals  is  assumed 
to  be  a  Gaussian  distribution.  With  the  new 
results  on  higher-order  statistics  (including  higher- 
order  cumulants)  in  signal  processing  and  system 
theory  it  should  be  possible  to  reexamine  the  noise 
distribution  using  the  higher-order  statistics[l]. 

In  this  paper,  an  novel  method  of  radar  altimeter 
return  noise  signals  identification  is  proposed.  The 
second-order  cumulant  given  by  the  conventional 
filtering  method  can  identify  the  Gaussian  noise 
signals.  The  third-order  cumulant  can  distinguish 
the  non-symmetric  non-Gaussian  component.  The 
fourth-order  cumulant  that  are  provided  by  a  special 
method  can  discern  the  symmetric  non-Gaussian  as 
well  as  harmonic  components. 

II.  THE  DEFINITION  OF  THE  CUMULANTS 

For  zero-mean  real  random  variables  {xj,  the 
second-,  third-,  and  fourth-order  cumulants  are 
given  by 

cum{x^,X2)  =  E  {x^X2}  (1) 

CW/w(Xi,X2,X3)=  £  {X 1X2X3  }  (2) 

CWW(Xj,X2,X3,X4)  =  £  {XiX2X3X4}-£  {x^X2)E  {X3X4  } 

-E{x^X^^{X2Xi,}-E{X\X^^{X2Xi}  (3) 
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For  a  zero-mean  stationary  random  process,  the 
second-,  third-  and  fourth-order  cumulants  of  zero- 
mean  x(t),  which  follow  from  (1),  (2)  and  (3),  are 
C2^{m)  =  E{x{tyit  +m)  (4) 

+»h)  (5) 

C^^{m^,m2,n\)  =  E  {xit)x{t  +n\)x(t  +w%) 

)C2^(  »?1  -  "%  ) 

(h) 

Of  course,  the  one  dimension  diagonal  slice(l-DDS) 
can  be  obtained  by  setting  mj=m,  i=l,2,  -  ^k-l. 

III.NOISE  SIGNAL  IDENTIFICATION  METHOD 
Generally  speaking,  the  signals  can  be  classified 
as  Gaussian,  non-Gaussian  and  harmonic  signals. 
Then  the  non-Gauss  signals  can  be  classified  as 
symmetric  non-Gaussian  and  non-symmetric  non- 
Gaussian  signals.  As  in  [1],  the  second-order 
cumulant  of  the  Gaussian  signals  is  non-zero,  but 
the  third-order  (or  fourth-order)  cumulant  is  zero. 
For  symmetric  non-Gaussian  and  harmonic  signals, 
their  odd  cumulants  is  zero,  and  the  even  cumulants 
is  non-zero.  For  non-symmetric  non-Gaussian 
signals  their  all  order  cumulants  is  non-zero.  So  we 
can  use  the  second-,  third-,  and  fourth-order 
cumulants  to  identify  the  radar  altimeter  return 
noise  signals. 

There  are  two  kinds  of  radar  return  signals.  One  is 
consist  of  radar  return  power  signal  and  the  noise 
signals.  Another  is  only  consist  of  the  noise  signals. 
In  this  paper  the  case  that  only  contains  the  noise 
signals  are  discussed.  If  the  measured  zero-mean 
noise  signal  values  y(n)  is 

y(,n)  =  6)Q{n)  +  (oln)-\-0)  (n)  (7) 

where  co^n),  co^n)  and  a^n)  are  non-symmetric 
non-Gaussian,  Gaussian  and  symmetric  non- 
Gaussian  (and  harmonic)  noise  signals  respectively. 
According  to  the  cumulant  performances.  The 
second-,  third-  and  fourth-order  1-DDS  cumulants 
of  the  y(n)  are  respectively 

Cijji  m)  =  m) + C2^^f_  m) + Cj,  J  m)  (8 ) 

=  (9) 

=  +  (10) 
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where  m  are  lag  factor.  The  C2a,^(/«),  and 

CiJini)  are  the  second-order  cumulants  of  a)(f^n), 
win),  CO  (m)  and  respectively.  The  Ci^drti)  is 

the  third-order  cumulants  of  cOffin).  The  C4^^(/«)  and 
C^  Jim)  are  the  fourth-order  cumulants  of  (0(/in)  and 
fl(«)  respectively. 

The  return  noise  signal  identification  method,  as 
Fig.  1,  includes  three  contents: 

1)  In  order  to  decide  whether  there  is  any  noise 

signals  the  C2j,(m)  is  calculated  and  tested.  If  the 
C2^(m)  is  larger  than  the  threshold  1  there  are  some 
noise  signals.  In  order  to  decide  whether  there  is 
Gaussian  noise  signal  conventional  filter  method  is 
used  to  filter  the  Gaussian  noise  signal  firstly,  then 
the  data  filtered  are  used  to  calculate  second-order 
cumulant  C^(w)  and  C£y(m)  =C2j,(/n)-C2^(/K). 
Finally  to  judge  the  C^(m)  whether  there  is  any 
Gaussian  signals. 

2)  Calculate  and  judge  whether 

there  is  any  non-symmetric  non-Gaussian  signals. 

3)  To  Create  the  ARMA  model  outlines  these 
steps:  First,  the  singular-value  decomposition(SVD) 
method  for  the  estimation  of  autoregressive 
parameters  of  the  ARMA  model  of  the  non- 
symmetric  and  non-Gaussian  components  is 
discussed.  Second  ,  an  improved  SVD  method  for 
estimating  the  moving  average  order  qo  of  the 
ARMA  model  is  discussed.  Third,  the  1-DDS  of 


Fig.l  Noise  Signal  identification 


the  fourth-order  cumulants  of  the  filtered  output 
process  are  given.  This  provides  the  symmetric  non- 
Gaussian  and  harmonic  components[2]. 

IV. SIMULATION 

In  order  to  verify  the  new  method  to  identify  the 
radar  noise  signal  ,  some  simulations  are  given. 

In  (7),  co^i^n)  and  co{^n)  are  produced  by  GGEXN 
subroutine  in  the  International  Mathematical  and 
Statistical  Library(IMSL)[3].  <«)  is  produced  by 
real  harmonic  signal. 

Because  the  cumulant  performance  of  the 
harmonic  signals  is  the  same  with  the  cumulant 
performance  of  the  asymmetric  non-Gaussian 
signals.  So  the  cdiri)  can  be  represented  by  the 
harmonic  signals. 

During  the  simulation,  we  chooses  the  data 
number  N=2048.  The  curve  and  the  second-,  third-, 
and  fourth-order  cumulants  of  the  co{^ri)  are  Fig. A, 
Fig.B,  Fig.C  and  Fig.D  of  the  Fig. 2  respectively.  In 
Fig. A  the  horizontal  ordinate  expresses  the  data 
number.  The  vertical  ordinate  expresses  the  data 
magnitude. 

Fig. 2  suggests  that  the  third-  and  fourth-order 
cumulants  are  zero  almost  as  well  as  the  second- 
order  cumulant  is  nonzero  when  m=0.  This  verifies 
the  conclusion  that  the  second-order  cumulant  of 
the  coin)  is  nonzero  and  the  third-and  fourth-order 

cumulants  of  the  coin)  is  zero. 

The  curve  and  the  third-order  cumulants  of  the 
cin)  and  co^n)  are  Fig. A,  Fig.B,  Fig.C,  and  Fig.D 
of  Fig. 3  respectively.  Fig. 3  shows  that  the  third- 
order  cumulants  of  the  oin)  is  zero.  Fig.D  verifies 
the  third-order  cumulants  of  the  co^n)  are  nonzero 
and  the  maximum  values  are  given  when  m=0. 

The  curve  and  the  second-,  third-  and  fourth- 
order  cumulants  of  the  y(n)  are  Fig. A,  Fig.B,  Fig.C, 
and  Fig.D  of  Fig. 4.  The  second-order  cumulant  of 
the  y(n)  in  Fig. 4  is  the  mixed  cumulant  of  co^^n), 
coin)  and  (din).  The  third-order  cumulant  of  y(n)  is 
only  the  cumulant  of  (o^n). 

The  fourth-order  cumulant  of  y(n)  is  the  mixed 
cumulant  of  co^n)  and  oin).  The  after 

prefiltered  only  includes  the  cumulant  of  cd^n). 

V.  EXPERIMENT  RESULTS 

The  airplane  radar  altimeter  data  (the  data  came 
from  the  experiment  of  Qingdao  of  China  at  Mar. 
1995)  are  used  to  calculate  the  second-,  third-  and 
fourth-order  cumulants  and  50  averages  are  done. 
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C.  Third-order  D.  Fourth-order 


Fig.2  The  curve  and  cumulants  of  win) 


cumulant  of  e(  n)  cumulant  of  w ,( n) 


VI. CONCLUSION 

The  radar  altimeter  return  noise  signals 
identification  is  discussed.  A  novel  method  that 
uses  the  second-,  third-  and  fourth-order  cumulants 
is  proposed.  According  to  the  simulation  and  the 
experiment  results.  We  can  give  the  conclusion  that 
there  are  not  only  Gaussian  noise  signals  but  also 
non-Gaussian  noise  signals.  This  will  suggest  that 
we  should  reexamine  the  correctness  and  the 
effectiveness  of  the  some  ocean  return  equations. 
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Abstract 

Effects  of  tropospheric  radiowave  propagation 
were  studied  based  on  ray-tracing  and  parametric 
^proach  with  empirical  data,  ECM  (European 
Climatological  Medium-range),  supplied  by  the 
National  Climatology  Data  Center  in  Asheville, 

North  Carolina.  Results  indicate  that  range  and  angle 
errors  vary  dynamically  in  seasons,  months,  and 
regions.  TTie  »rors  in  Ae  elevation  angles  of  less 
than  ten  degrees  are  higher  than  expected,  and  should 
not  be  neglected  for  highw  accuracy  requirements. 

1.  Introduction 

A  variety  of  explanatims  of  trpospheric 
propagational  problems  have  been  proposed  based  on 
model-based  or  empirical  measurements  in  terms  of 
frequencies  and  climatic  regions  over  the  years[l  -  6]. 
However,  important  details  relating  to  the  properties 
of  the  received  signal  are  generally  less  certain;  such 
details  might  be  signal  amplitude,  delay  times 
between  different  paths,  and  individual  angles  of 
arrival  under  multipath  conditions.  Meteorological 
uncertainties  severely  limit  the  usefulness  of  models 
of  existing  microwave  propagation  specifically  in  the 
presence  of  precipitation.  Many  propagational 
problems  on  the  line-of-sight  links  arise  from  the 
occurrence  of  anomalous  departures  in  the  vertical 
gradient  in  the  refractive  index  from  the  normal 
value.  This  value  itself  will  vary  slowly  with  season, 
time  of  day,  location,  and  the  standard  gradient  in 
refractivity  often  being  quoted  as  -40  N-unil/km 
corresponding  to  a  4/3  Earth  [7].  The  major  emphasis 
here  is  concentrated  cm  the  physical  phenomena  in 
the  atmosphere  using  empiric^  data  rather  than  on 
building  models  or  analysis  based  on  models 
developed.  Most  of  the  results  are  directed  to 
quantifying  parametric  methods,  and  to  investigating 
correlation  among  parameters  fw  larg^  areas  than 
the  subgrid  levels.  Range  errors  are  studied  in  sectiCMi 
2  for  both  analytical  and  experimental  aspects  with 
comparison  of  several  alternatives  to  correct  inherent 
OTors.  In  section  3,  angle  wrors  are  drived  and 
tested  with  empirical  data  fw  angle  error  correction 
in  real  system.  Finally,  the  conclusion  and 


recommendations  are  presented  in  section  4  with 
references. 

2.  Range  Errors 

Many  methods  have  been  proposed  to  take  into 
account  refraction  effects  for  the  purpose  of 
improving  measurements  by  removing  systematic 
bias.  For  the  case  of  range  error,  the  error  is 
composed  of  two  parts:  the  difference  between  the 
curved  length  of  the  ray  path,  R,  and  the  true  slant 
range,  Rq  mainly  due  to  the  increase  in  time 
necessary  to  travel  over  the  curved  path,  R;  and  the 
discrepancy  caused  by  the  lowered  velocity  of 
propagation  in  a  refractive  medium  as  shown  in  the 
figure  1.  The  radio  ray  path,  R,  can  be  expressed  [4] 
by 

R=  /(jncscOdh  (1) 

where  n  represents  the  refractive  index,  0  the 
elevation  angle,  esc  stands  for  cosecant  angle  of 
trigonometry  and  h  the  height  above  the  surface. 

Then  the  total  range  enor,  AR,  can  be  computed  by 

AR  =  R-Ro 

=  Joncscedh -Ro  (2) 

Many  of  the  models  are  based  upon  the  following 
assumptions  of  ray  tracing: 

1) .  The  refractive  index  should  not  change 
appreciably  in  a  wavelength. 

2) .  The  fractional  change  in  the  spacing  between 
neighboring  rays  (initially  parallel)  must  be  small  in  a 
wavelength. 

Note  also  that  equations  (1)  and  (2)  are  derived  with 
the  assumption  of  a  flat  Earth.  For  a  flat  earth,  the 
attenuation  as  a  function  of  elevation  angle  is  given 
by  the  zenith  attenuation  multiplied  by  the  cosecant 
of  the  elevation  angle.  The  cosecant  law  does  not 

hold  for  elevation  angles  less  than  6  to  10°  due  to 
earth  curvature  and  refraction  effects.  Most  satellite 
communication  systems  operate  at  elevation  angles 
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above  6®  or  a  cosecant  of  10.  Barton  and  Ward  [9] 
proposed  approximate  range  and  elevation  angle 
errors  as  follows: 

AR  =  0.007*Ns  CSC  0©  [meters]  (3) 

A0o  =  NsCOt0o  [mradian]  (4) 

where  Ng  is  surface  refractivity  and  0©  the  apparent 
elevation  angle. 

Many  other  models  for  range  and  angle  error  have 
been  proposed  over  the  years  [2, 8].  These  models  are 
generally  developed  from  either  direct  integral 
method  or  stratified  layer  method,  which  can  be 
iqiplied  to  compute  the  angular  deviation  and  range 
inaccuracy  introduced  when  electromagnetic  waves 
traverse  a  medium  other  than  free  space.  The  latter 
method,  although  only  ^proximate  in  nature,  is 
capable  of  rendering  theoretical  estimates  of 
proportional  errors  to  a  rather  high  degr^  of 
accuracy,  and  is  presented  here  by  adopting 
Millman's  approach  M  without  extensive  derivation 
efforts.  Also  note  that  most  of  the  ray-tracing  plots 
drawn  here  use  the  stratified  layer  method. 
Considering  equation  (1)  by  parameters  as 

dh  =  dr/sin  0  (5) 

sin  0  =  [  1  -  (noTo  cos9oAir)^  (6) 

where  ro  is  the  radius  of  the  earth;  uq  the  refractive 
index  at  the  earth’s  surface  as  shown  in  figure  1.  Then 
the  range  error  can  be  written  as 

R  =  (l/noTo  cos  0o)lh  dr/[  (nr/noTo  cos  0o)2  - 
l]l/2  (7) 

Considering  eq.  (7),  the  denominator  inside  the 
integral  eq.  (7)  is  going  to  be  zero  for  the  low 
elevation  angles.  If  the  elevation  angle,  0o,  is  less 

than  1®,  it  is  not  integtable  since  n  approaches  dq. 
Thus  the  integral  has  a  singularity  when  h  goes  to 
zero  in  the  limit,  i.e,  over  the  horizon.  In  other  words, 
eq.  (7)  is  valid  if  and  only  if  the  elevation  angle  is 
greater  than  one  degree.  Using  the  trigonometric 
functions  in  figure  1,  Rq  can  be  derived  easily  as 

Ro  =  fro^  +  fro  +  -  2rofro  +  h)  c®s  9 (8) 

where  0  is  the  central  angle  subtended  over  the 
Earth’s  surface.  Therefore  the  range  error  of  equation 
(2)  is  derived  readily  by  substituting  equations  (7) 
and  (8).  For  the  stratified  layer  approach,  equations 
(7)  and  (8)  can  be  rewritten  in  discrete  format  below 
by  numerical  approximation  methods  such  as  Gauss  s 


and  Simpson’s  rule  approach  for  numerical 
approximation  of  integral  equations.  The  range  error, 
AR,  of  equation  (2)  may  be  approximated  as 

AR  =  Z  n j  Rj  -  Rom 

Similarly,  equations  (7)  and  (8)  can  be  approximated 
as 

Rj2  =  rj2  +  rj+i2-2rjrj+icos0j  (10) 

Rom^  “  ^cP'  •’m+1^  *  2  ro  rm+i  cos  [  2  0j  ]  (1 1) 

where  ro  is  the  Earth’s  radius  at  the  station  and  m 
represents  the  mth  layer. 

Figure  2  was  plotted  for  comparison 
purposes  among  regional  range  error  tehavior  by 
using  equations  (9)  through  (1 1)  against  elevation 
angle  variations  over  four  seasonal  activities  in  the 
eastern  USA.  Figure  2  shows  more  errors  in  July. 

Figure  3  shows  range  error  versus  height 
plots  with  elevation  angles  from  1  to  5.5  degree  for 
July  in  the  eastern  USA  region.  Range  errors  for  1.0 
degree  are  around  low  66  meters.  This  implies  that 
range  errors  at  5.5  degree  elevation  angle  are  reduced 
to  about  30  %  from  those  at  1.0  degree  elevation 
angle.  If  we  increase  the  elevation  angle  to  15 
degrees,  then  the  range  errors  are  about  7  meters. 

This  means  that  range  errors  at  15  degree  elevation 
angle  are  reduced  to  1 1  %  of  the  range  errors  at  one 
degree  elevation  angle.  Finally,  it  is  noticed  that 
range  errors  vary  seasonally  as  well  as  monthly  from 
a  few  meters  to  about  10  meters  range  in  the  low 
elevation  angles. 

3.  Elevation  Angle  Errors 

Errors  in  elevation  angle  are  mainly  due  to  the 
refractive  effects.  This  elevation  angle  error 
constitutes  a  variation  in  the  angle  of  arrival  ( or 
elevation  angle  errors)  of  the  signal.  Corrections  can 
be  made  for  errOTS  in  the  angle  of  arrival .  These 
corrections  are  most  useful  if  they  are  based  on 
standard  or  mean  models  of  the  radio  refractive  index 
such  that  surface  values  can  be  used  as  a  predictor.  A 
successful  method  of  deriving  such  a  model  is  found 
in  ray  tracing  through  a  representative  sample  of 
refractive  index  profiles  (ot  refractivity  profiles)  and 
relating  refraction  variables  to  surface  values  using 
least  square  techniques.  Ordinarily  a  linear 
relationship  is  sufficient  with  the  coefficients  being 
functions  of  the  elevation  angle  and  target  height  or 
range.  Since  the  surface  value  of  the  refractive  index 
is  so  central  to  refraction  prediction  a  detailed 
examination  of  its  behavior  is  essential.  For  a  vertical 
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gradient  of  refractive  index  dn/dh,  the  radius  of 
curvature  r  is  given  by  [10] 

\lt  =  -  (l^)  X  (dn/dh)  X  cos  Gq  (12) 

wh^  Go  is  die  initial  elevation  angle  of  the  ray  at  the 
transmitter  with  respect  to  the  local  horizon  as  shown 
in  flgure  1.  The  negative  sign  indicates  a  decrease  in 
refractive  index  with  height.  For  terrestrial 
propagation,  where  Go  is  generally  close  to  zero,  the 
equation  (12)  simplifies  to 

l/t  =  - dn/dh  (13) 

with  n  assumed  to  be  unity  in  equation  (12).  Since 
refractive  index  is  relatively  insensitive  to  frequency, 
ray  bending  is  substantially  independent  of 
fr^uency.  It  should  be  noted  that  the  assumption  of  n 
=  1  in  equation  (13)  is  not  true  in  the  troposphere 
from  the  ground  si^ace  to  about  30  kilometers  in  the 
space.  In  genml,  the  value  of  n  is  greats  than  one 
depending  on  the  value  of  refractivity  at  the  layers 
concerned.  A  relationship  between  the  elevation 
angle  error  (or  ray  bending)  and  surface  refractivity. 
Ns  has  been  developed  [4]  for  low  elevations  through 
a  statistical  linear  regression  technique  giving 

AG  =  (bNg  +  a)  *  10'^  radians  (14) 

where  the  coefficients  a  and  b  are  provided  through 
graphics  ot  tables  [4]. 

Equation  (14)  does  not  apply  for  regions  of  climatic 
extremes,  for  angles  less  than  3°  or  4°.  The  limiting 
errors  of  targets  well  beyond  the  atmosphere  are 
given,  for  G  >  5°,  by 

AG  =  Ns  cot  G  *  10"^  radians  (15) 

Many  other  ray-tracing  models  were  proposed  to 
improve  the  accuracy  of  atmospheric  bending  or 
propagation  delay  [2, 4].  The  stratified  ray-tracing 
model  has  been  applied  with  other  integral  methods 
since  it  gives  a  better  result  than  other  approaches 
tested.  If  it  is  assumed  that  the  refractive  index  is  a 
function  only  of  height  above  the  surface  of  a 
smooth,  spherical  earth  (i.e.,  it  is  assumed  that  the 
refractive  index  structure  is  horizontally 
homogeneous)  and  that  the  refractive  index  is  a 
monotonically  decreasing  function  of  altitude,  then 
the  path  of  a  radiowave  ray  will  obey  the  Snell’s  law 
for  polar  coordinates  (Bouger's  Rule)  as: 

niri  cos  Gi  =  n2r2  cos  G2  (16) 

where  n,  r,  and  G  were  defined  in  figure  1.  One 
should  keep  in  mind  that  equation  (16)  is  subject  to 


the  assumptions  made  in  section  2.  Snell's  law  can  be 
expressed  in  terms  of  the  bending  angle  T  which  is 
the  change  of  the  apparent  angle  of  elevation  with 
altitu^. 

T  =  -J(dn^)cotG  s=-  cotGdN*10'6  (17) 

where  the  integral  limit  spans  from  nl  to  n2  for  the 
refractive  index  of  the  first  integral  and  from  Nl  to 
N2  for  the  refractivity  of  the  second  integral  in 
equation  (17)  respectively.  Applying  the  law  of  sines 
and  equation  (18)  below ,  it  follows  that  the  elevation 
angle  error  can  be  derived  for  the  stratified  approach 
as  [6] 

(Xom  =  cos  -1  {(rm+l/Rom)  sin  [Zj  Gj  ]}  (18) 

Then  the  refractitm  elevation  angle  error  can  be 
expressed  as 

Attm  =  cto  -  ototn  (19) 

where  Oq  is  the  apparent  elevation  angle  and  Oom  is 
the  true  elevation  angle 

Figure  4  is  the  ray  tracing  graph  from  one  to  5.5° 
of  elevation  angle  versus  the  atmospheric  height  from 
the  ground  for  the  eastern  USA  region.  It  is  noticed 
that  all  angle  errors  in  this  low  elevation  angle  range 
exceed  one  milliradian  ( 0.0573  degree)  and  extend  to 
more  than  6  milliradian  angle  errors.  Relationship 
between  apparent  elevation  angle  and  elevation  angle 
error  is  presented  for  seasons  in  figure  5.  The  amount 
of  angle  error  varies  by  season.  It  is  noticed  that  some 
local  areas  (smaller  grid  areas)  generate  larger  or 
smaller  angle  errors  than  much  larger  regional 
averages  (cluster  of  many  grids).  This  is  also  true  for 
global  average  data.  It  should  be  noted  that  elevation 
angle  errors  vary  dynamically  with  season  and 
localities;  specifically  in  the  low  elevation  angle.  One 
should  be  careful  in  adopting  radiowave  beam 
bending  and  propagation  delay  models  when 
applying  global  climatological  data  to  radiowave 
propagation  for  radar  tracking  and  antenna  pointing 
applications. 

4.  Conclusions 

Most  approaches  are  here  based  on  empirical  data 
and  ray  tracing  algorithms.  Range  errors  in  the  lower 
elevation  angles  (<  1°)  are  in  the  range  of  70  meters 

or  above  and  around  7  meters  or  less  for  15° 
elevation  angles.  Notice  that  range  errors  vary 
seasonally  from  a  few  meters  to  10  meters  as  well  as 
monthly  and  locally.  Elevation  angle  errors  vary 
dynamically  throughout  seasons  and  regional  areas 
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especially  in  the  low  elevation  angles  (<  6^. 
Additional  results  of  correlations  between 
refractivities  and  nteteorological  parameters  are 
presented  to  study  direct  effects  of  individual 
parameters  against  the  refractivity.  Results  show  that 
a  minimum  level  of  range  error  and  elevation  angle 
error  can  be  obtained  in  the  neighborhood  of  12°  to 
15°  of  iy}parent  elevation  angles  rather  than  at  the 
elevation  angles  which  most  scientists  have  presented 
previously.  Errcff  analysis  for  diurnal  and  broads 
regional  aspects  will  be  investigated  in  the  future 
with  more  relational  functions  in  the  sublow 
elevation  angles  (^1®)  and  higher  elevation  angles  (> 
150). 
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Figure  1.  Radiowave  propagation  geometry  of  radio  ray  refraction. 
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figure  2.  Range  error  vs.  elevation  angle. 


Figure  4.  Angle  error  vs.  height  from  1°  to  5.5°, 
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Figure  3.  Range  error  vs.  Height  from  1°  to  5.5°.  Figure  5.  Angie  error  vs.  elevation  angle  from  1°  to  5.5' 
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Abstract  :  The  resolution  of  ERS-1  images  should  let 
us  detect  man-made  structures  like  urban  areas.  After  a 
brief  survey  of  the  captor  response  to  urban  objects,  we 
propose  a  method  to  detect  urban  aeras.  We  illustrate 
the  results  obtained  on  two  typical  landscapes:  European 
agricultural  hilly  landscapes  and  tropical  zones.  Some  ur¬ 
ban  detections  are  presented  both  on  Aix  en  Provence  and 
Kourou  towns  in  French  Guyana. 

1  Introduction 

In  this  paper  we  present  the  main  lines  of  our  method 
to  detect  urban  areas  (detailed  in  [1]).  The  purpose  of  our 
work  is  to  provide  robust  classification  criteria  permitting 
automatic  segmentation  and  urban  agglomeration  density 
measures. 

Our  method  consists  in  2  parts:  the  first  one  deals  with 
the  detection  of  bright  points  characterizing  industrial  ar¬ 
eas,  and  the  second  one  with  more  homogeneous  regions 
like  large  towns,  where  the  concentration  of  strong  reflec¬ 
tions  becomes  very  important.  We  show  an  example  of 
the  use  of  our  detection  method  in  a  fusion  scheme  with 
classical  detection  on  SPOT  image, 

2  Backscatter  of  urban  objects. 

We  propose  first  an  urban  object  classification  in  3  sets, 
depending  on  their  geometry  and  roughness,  and  yielding 
a  model  of  backscattering  law  according  to  [2] . 

2.1  Smooth  surfaces 

Following  the  usual  Rayleigh  criterion,  we  consider  a 
surface  as  smooth  when  Ah  «  where  Ah  is  the 

mean  deviation  of  height,  A  the  wavelength,  and  i  its  in¬ 
cidence  angle.  For  this  type  of  surface,  retrodiffusion  laws 
are  close  from  Snell- Descartes’  ones,  and  thus  the  object 
geometry  determines  the  sensor  response.  Depending  on 
the  incidence  direction  i,  objects  may  have  either  a  strong 
response  or  no  response  at  all  (taking  into  account  the 
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multiple  reflections  created  by  dihedral  and  trihedral  ob¬ 
jects). 

2.2  Rough  surfaces 

It  is  the  case  of  objects  with  irregularities  on  the  scale 
of  the  wavelength,  like  vegetation  for  instance.  These  ob¬ 
jects  can  be  well  described  by  Goodman  model  [3],  as¬ 
suming  some  properties  for  the  phase  and  amplitude  of 
elementary  reflectors  inside  a  resolution  cell.  We  get  an 
explicit  backscattering  law  (which  will  be  called  here 
linking  A,  the  amplitude  of  the  received  signal,  with  L  the 
number  of  looks  (3  for  ERSl  Precision  Images),  and  a  the 
parameter  of  the  law  [4]: 


P(A)  = 


2L^ 


(2a2)^r(L) 


A 


(1) 


r  represents  the  Gamma  function.  This  model  dso  pro¬ 
vides  a  relation  linking  a  with  the  mean  value  A  of  the 
region  assumed  to  be  homogeneous. 

2.3  Conductor  surfaces 

This  is  for  instance  the  case  of  metallic  surfaces,  used 
as  rooftops  in  tropical  lands  and  in  industrial  areas.  They 
are  never  plane,  and  act  as  periodic  lattices.  So  sometimes 
a  resonnance  effect  may  occur  (called  Bragg  diffraction), 
involving  bright  points  in  the  SAR  images.  For  some  par¬ 
ticular  surface  shapes  (corrugated  iron  for  instance)  an 
approximated  model  may  be  proposed,  but  an  explicit  law 
is  seldom  found. 

2.4  Characteristics  of  the  global 
backscattering  law 

The  global  backscattering  law  of  urban  areas  is  the  re¬ 
sult  of  the  composition  of  the  3  previous  effects,  with  pro¬ 
portions  depending  on  the  areas.  This  provides  some  par¬ 
ticular  characteristics  compared  to  the  ”x”  rough 

surfaces: 


•  There  are  more  dark  pixels,  because  of  the  Snell- 
Descartes  responses  in  an  unfavorable  configuration 
(no  response  to  the  sensor). 
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•  There  are  more  bright  pixels,  because  of  the  Snell- 
Descartes  responses  in  a  favorable  configuration,  and 
constructive  interferences. 

•  The  intermediate  values  around  the  mean  caused  by 
speckle  are  not  so  much  modified. 

Using  these  remarks  we  aim  at  estimating  the  probabil¬ 
ity  that  a  pixel  belongs  to  a  town. 

3  Fail  of  classical  approaches 

One  classical  method  to  detect  urban  areas  consists 
in  calculating  first  or  second  order  statistics  to  obtain 
some  discriminant  information.  We  want  to  emphasize 
two  problems  which  limit  the  use  of  such  a  method. 

First  it  can  be  shown  that  the  sizes  needed  to  estimate 
reliable  statistics  of  speckle  samples  are  very  large.  For  in¬ 
stance  the  variation  coefficient  (ratio  of  standart  deviation 
over  mean)  estimation  with  a  confidence  of  5%  around  the 
theoretical  value,  and  with  a  probability  of  99%,  needs 
a  42x42  window  size.  This  corresponds  to  a  525x525m 
sample  on  the  ground.  So  large  areas  will  hardly  be  ho¬ 
mogeneous  in  many  towns.  Estimation  of  skewness  will 
also  need  similar  very  large  windows.  Secondly  it  can  be 
shown  that  the  statistics  of  some  non-urban  areas  (forests 
for  instance)  are  sometimes  very  close  from  the  statistics 
of  urban  areas.  It  is  the  case  of  the  radiometric  mean. 

It  is  why  we  propose  new  detection  methods. 

4  Detection  criteria  proposed 

In  this  section  we  give  a  description  of  our  method, 
based  on  a  different  approach  to  estimate  pixel  nature  in 
SAR  image. 

4.1  Urban  bright  point  detection 

Having  a  region  described  by  a  law  with  known 
parameter,  we  know  the  probability  of  an  intensity  value 
A,  and  the  probability  for  A  to  exceed  a  given  value.  We 
may  compare  for  any  region  the  measured  probability  with 
the  theoretical  one  under  hypothesis  of  fully  developed 
speckle.  In  order  to  estimate  the  parameter  of  the  law  in 
the  window,  the  local  histogram  is  built  on  a  30x30  win¬ 
dow,  then  it  is  smoothed,  and  we  deduce  a  from  it,  using 
the  last  remark  of  §2.4.  A  pixel  which  amplitude  value 
has  a  probability  lower  than  a  fixed  threshold  is  tempo¬ 
rary  classified  as  bright.  We  then  calculate  the  proportion 
of  bright  points  in  a  15  pixel  radius  disk  around  any  tem¬ 
porary  bright  pixel.  If  it  is  more  than  1%>  (at  least  2 
temporary  bright  pixels),  the  pixel  is  definitively  kept  as 
bright  in  the  final  classification. 

4.2  Non  urban  detection. 

To  initiate  a  classification  scheme  non-urban  areas  have 
to  be  characterized.  Having  no  human  constructions, 
these  areas  have  also  no  specular  backsattering  points. 


Therefore  the  only  phenomenon  observed  is  the  speckle 
one.  The  classification  of  non-urban  areas  is  based  on  the 
comparison  of  local  statistics  and  x  l^-w  based  statistics, 
corresponding  to  fully  developed  speckle.  In  practice,  the 
average  value  and  the  first  moment  (mean)  deduced  from 
the  X  interpolated  histogram  on  a  30x30  window  are  com¬ 
pared.  In  case  of  equality  the  region  is  classified  as  non 
urban. 

4.3  Urban  areas  detection 

The  previous  method  is  well  adapted  to  industrial  and 
suburban  areas  characterized  by  isolated  bright  points. 
But,  when  working  in  in  towns,  which  form  very  compact 
regions  echoes  are  combining  in  a  coherent  way  and  cannot 
be  considered  as  ’’isolated”  at  all.  To  detect  these  regions, 
we  propose  to  cut  the  local  histogram  (calculated  on  a 
60x60  window)  in  2  parts,  with  a  threshold  s.  In  the 
higher  part,  E  =  P{A  >  s)  is  computed  and  compared 
to  the  highest  frequency  fmax  of  the  low  part.  When 
S  >  fmax  the  central  pixel  receives  s  as  value,  and  the 
threshold  is  decreased. 

The  process  is  iterated  until  all  the  pixels  are  classi¬ 
fied.  The  thresholds  have  the  form  [fx  is  the  mean, 

and  a  the  standard  deviation  of  an  area  of  totally  devel¬ 
oped  speckle).  Then  the  result  is  thresholded  to  obtain  ur¬ 
ban  areas.  A  blind  classification  establishes  the  threshold 
value  k  by  testing  the  regions  of  radii  15  pixels  around  the 
detected  bright  points.  We  refer  to  this  detection  method 
as  ffm ax-filter. 

5  Classification  scheme  using  our  detection 
method  and  classical  detection  in  SPOT-images 

To  do  a  classification  with  our  detection  and  classical 
detection  following  step  are  used  : 

•  The  bright  point  detection  as  seen  in  (4.1)  give  train¬ 
ing  sets  for  urban  classes. 

•  The  speckle  zones  give  training  sets  for  non-urban 
classes. 

•  We  build  a  multivariate  classical  distance  based  clas¬ 
sification  based  on  the  ffmax-filter  (4.3)  and  classical 
detection  in  SPOT  image  [5]. 

This  method  gives  automatic  detection  of  urban  areas, 
not  with  detecting  precise  borders,  but  with  a  reliable 
localization.  Post  treatments  could  be  applied  to  improve 
the  accuracy  of  borders.  They  are  not  presented  here. 

6  Results  and  analysis 

The  results  are  illustrated  on  an  image  of  Kourou 
(French  Guyana)  for  the  bright  points  detection  method, 
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Figure  1:  Bright  point  detection  on  ERS-1  (left  column) 
and  JERS-1  images  (right  column). 


Figure  2:  Sar  ERSl  image  and  map  of  the  ffm ax-filter 
values  on  the  region  of  Aix-en-Provence.  This  map  will 
be  thresholded  to  select  the  urban  areas. 


figure  1,  and  on  an  image  of  Aix  en  Provence  for  both 
methods,  figures  2  and  3. 

The  urban  areas  detection  method  is  developed  to  be 
used  with  other  sensors,  like  the  radar  satellite  JERS-1 
(figure  lb),  or  SPOT  for  instance.  On  SPOT  images  clas¬ 
sical  urban  detection  method  is  applied  [5]  [6].  The  ta¬ 
ble  below  shows  the  ratio  of  good  detection  (urban  pix¬ 
els  actually  detected  by  the  method),  and  false  detection 
(detection  of  pixels  which  are  not  in  urban  areas),  in  a 
supervised  learning  case  or  an  automatic  one. _ 
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Figure  3:  On  the  left  SPOT-SAR  automatique  urban  clas¬ 
sification,  on  the  right  Map  of  Aix-en-Provence  (Michelin 
1/200  000) 

To  conclude,  the  proposed  method  gives  good  results  on 
any  sort  of  landscapes,  and  is  robust  enough  to  work  on 
hilly  regions.  The  results  are  improved  when  used  with 
other  captors,  radar  or  optic. 

7  Conclusion 

Radar  images  are  particularly  difficult  to  interpret. 
Nethertheless  dedicated  detectors  (adapted  to  the  partic¬ 
ular  statistics  of  SAR  images)  give  useful  results,  allowing 
a  first  interpretation  of  urban  zone. 
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Abstract-  SAR  Interferometry  requires  a  high  accuracy 
processing  of  the  phase  information.  The  paper  describes  a 
practical  method  to  check  the  phase  preservation  of  a  SAR 
processor.  Test  results  for  four  different  ERS  SAR  processors 
are  presented. 

Keywords: interferometry,  phase  preserving  processing. 


INTRODUCTION 

Over  the  years  SAR  interferometry  is  becoming  more  and 
more  attractive,  in  particular  for  ERS  SAR  data  users.  SAR 
interferometry  is  based  on  the  phase  information  in  SAR 
complex  products.  However  traditicaial  quality  requirements 
for  SAR  processors  are  mainly  based  on  measurements  of  the 
module  of  the  impulse  response  function  and  do  not  guarantee 
phase  preservation.  As  a  consequence  there  is  a  need  to 
establish  specific  phase  quality  requirements  and 
corresponding  measurements  tests  on  SAR  processors  [1,  2, 
3]. 

This  article  presents  the  current  phase  preservation  tests 
[7]  performed  by  the  European  Space  Agency  following  a 
study  described  in  [1].  Phase  preservation  tests  results  aie 
presented  for  several  ERS  SAR  processors. 

PHASE  DECORRELATION 

The  quality  of  an  interferogram  is  usually  represented  by 
the  coherence  y  between  a  pair  of  complex  products.  Phase 
aberrations  are  translated  in  a  coherence  degradation  and 
modify  the  interferogram  statistics.  Several  factors  cmtribute 
to  the  interferometric  phase  decorrelation.  For  our  purposes, 
they  can  be  divided  in  two  kinds  of  decorrelation  sources: 

1.  The  factors  inherent  to  the  SAR  system  and  to  the 
interferometric  scenario  (as  the  spatid  mis-registration, 
the  temporal  decorrelation,  the  variations  in  the 
propagation  path  or  the  spectrum  mis-alignment):  y^^ 

2.  The  factors  introduced  during  the  data  processing,  i.e. 
the  processor  phase  preservation  factors: 

Their  contribution  to  the  total  coherence  can  be  expressed  as: 

7  “  ^proc 
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As  our  purpose  is  to  analyse  the  quality  of  the  processor 
phase  preservation,  we  need  to  isolate  This  leads  to  the 
Interferometric  Offset  test,  which  was  originally  proposed  in 
[1]  as  a  method  for  checking  the  phase  preservation  of  SAR 
processors. 

THE  INTERFEROMETRIC  OFFSET  TEST 

The  test  consists  basically  in: 

a.  Generate  two  complex  products  independently 
processing  the  same  raw  data  set  twice,  but  starting  at 
different  azimuth  and  range  positions.  Usage  of  the 
same  raw  data  set  will  prevent  from  phase  aberration 
due  to  inherent  SAR  effects  (ysys). 

b.  Evaluate  the  statistics  of  the  generated  interferogram. 
Since  it  should  ideally  have  a  consttot  phase  of  zero, 
the  obtained  interferometric  phase  reveals  processor 
induced  aberrations. 

Products  generation 

In  generating  the  products,  some  points  must  be  carefully 
observed  in  order  to  obtain  an  appropriated  pair  for  the  test: 
•Range  compression  is  performed  using  a  nominal  chirp  or 
the  same  chiip  replica  in  both  cases. 

•The  number  of  offset  lines  and  samples  are  not  integer 
multiples  of  the  processing  blocks  dimension  (nor  in 
azimuth  nor  in  range).  It  causes  the  existence  of 
interferometric  areas  generated  from  the  same 
processing  data  block  (which  wiU  be  referred  as  regions 
a)  and  from  different  data  blocks  (referred  as  regions  b). 
Their  co-existence  allows  to  check  the  noise  level  at  the 
processing  block  boundaries. 

•Since  usage  of  different  Doppler  centroid  would  produce 
an  spectral  envelope  misalignment  (i.e.  it  would 
simulate  a  system  decorrelation  source),  the  same 
doppler  centroid  parameters  are  used  to  process  both 
products. 

•Starting  processing  positims  are  chosen,  whenever 
possible,  in  such  a  way  that  the  offset  between  products 
is  an  integer  value  in  both  directions.  If  it  is  not  possible, 
a  subpixel  misregistration  remains  with  the  need  of  a 
subpixel  coregistration,  which  increases  the  phase  noise. 
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Fig.l  There  is  a  unique  acquisition  process  whose  output  is  processed  twice  (Hi,H2).  Focused  signals  (si,S2) 
are  combined  to  form  the  test  interferogram  ($2*  represents  the  complex  conjugate  of  $2). 


Phase  statistics  evaluation 

A  theoretical  study  on  the  decorrelation  due  to  the  end-to- 
end  SAR  system  response  and  on  the  interferometric  phase 
statistics  is  carefully  presented  in  [2,3,6],  The  analysis  is 
given  for  the  case  of  an  expected  interferometric  phase  equal 
to  zero  and  therefore  it  applies  for  the  offset  test  interferogram 
if  the  system  considered  is  the  one  represented  in  Fig.l. 

The  only  difference  between  both  transfer  functions  is  the 
phase  term  (!>(.),  which  represents  the  differential  focusing 
under  evaluation: 

//2(^v)  = //,(n,v)  (2) 

Therefore,  the  coherence  between  tested  products  can  be 
expressed  as  follows  [2,3,4]: 


not  on  the  SNR,  it  cannot  be  reduced  by  averaging. 

2.  A  phase  variance  (a  depending  on  the  module  of  the 
coherence  coefficient,  on  both  transfer  functions  and  on  the 
SNR.  It  is  very  sensitive  to  data  manipulations,  but  it  can  be 
reduced  by  averaging. 

As  a  consequence,  these  two  statistical  parameters  are  the 
parameters  to  be  estimated  in  the  offset  test  interferogram. 

The  next  important  point  is  to  identify  the  contribution  of 
the  different  processing  decorrelation  sources  on  these 
parameters.  The  differential  focusing  phase  can  be  expressed 
as  Taylor  series  [2,6],  where  each  term  represents  a  different 
processing  decorrelation  source: 

+  (l)20-g^  +  (tl02-V^  +  'l>2rl^^V+...  (4) 
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where  |i,v,B|Li  and  Bv  represent  the  azimuth  and  range 
frequency,  and  the  azimuth  and  range  bandwidth  respectively. 


From  this  basis,  an  analytical  expression  for  the  phase 
p.d.f.,  the  phase  bias  and  the  phase  variance  can  be  derived 
[2,3],  The  interesting  result  for  our  analysis  is  that  the 
interferometric  phase  decorrelation  introduced  by  the 
processor  can  be  characterised  by: 

1.  A  phase  bias  value  ((Pq)  corresponding  to  the  systematic 
phase  errors  and  equal  to  the  argument  of  the  coherence 
coefficient.  Since  it  depends  on  both  transfer  functions  but 


The  meaning  of  each  term  together  with  their  evidence  in  the 
test  results  is  summarised  in  Table  1. 

Therefore,  measured  phase  bias  and  standard  variation 
over  the  generated  interferogram  correspond  to  the  following 
phase  aberrations: 


‘Po  =  ‘Poo  ■*’  ‘P20 

2222  2 

^(j)  ^  11  ^  ^  ^subpixel  -  mis  ^proc  -  imp!  (3) 

where  impi  stands  for  the  phase  noise  due  to  the 
processor  implementation.  This  phase  noise  is  consequence, 
for  instance,  of  an  insufficient  amount  of  data  discarded 
during  processing  operations  which  produce  only  a  partial 
amount  of  valid  data  (e.g.  when  a  linear  correlation  is 


Table  1:  Measurable  processing  phase  aberrations 


Constant 
phase  offset:  (t)oo 

Geometric 
misregistration 
azimuth:(|)io  &  range:  <|)oi 

Uncompensated 
range  migration 
linear:  quadratic:  ^21 

Defocussing 
in  azimuth:  ^20 

Defocussing 
in  range:  <|)o2 

<Po 

•Poo 

Effect 
avoided  by 
test  conditions 

No  impact 

V20 

Effect 
avoided  by 
test  conditions 

^  (p 

No  impact 

21 

^  20 
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obtained  from  a  circular  one).  This  noise  can  be  visually 
detected  as  a  cyclic  pattern  of  regions  with  high  noise  (the  so- 

called  regions  b).  The  presence  of  rp' subpixel  mis  is  not  due  to  a 
processor  induced  aberration  but  to  the  difficulty  to  generate  a 
testing  pair  with  integer  offset  values.  This  noise  term 
represents  the  noise  introduced  by  the  sub-pixel  coregistration 
step  needed  in  such  a  case. 

Test  Acceptance  Criteria 

The  lest  acceptance  criteria  are  based  on  a  maximum 
systematic  error  (maximum  phase  mean)  and  on  a  maximum 
level  noise,  partially  related  to  the  system  SNR  [1].  The 
criteria  are  the  following: 

-  maximum  phase  mean:  0, 1  degrees 

-  maximum  phase  standard  deviation:  5.0  degrees 

TESTS  RESULTS 

The  Interferometric  Offset  test  was  applied  to  four  ERS 
SAR  processors:  the  Verification  Mode  Processor  (VMP) 
[Range-Doppler],  the  Italian  PAF  processor  (I-PAF)  [Range- 
Doppler],  an  experimental  Chirp  Scaling  Algorithm  (CSA) 
and  an  cok  Processor  (ook). 

During  the  analysis  of  the  statistical  parameters,  special 
care  has  been  taken  in: 

•Avoiding  very  low  backscattering  coefficient  areas.  First 
part  of  Table  2  gives  the  results  for  the  complete 
generated  interferogram,  i.e.  with  100%  of  the  input 
data.  Second  part  of  Table  2  gives  the  results  obtained 
when  discarding  samples  corresponding  to  low 
backscattering  coefficient  (equivalent  to  use  about  95% 
of  the  input  data).  This  insures  a  more  accurate 
estimation  of  the  processm*  induced  aberrations. 

•Independently  measuring  the  parameters  over  both  kinds 
of  regions  previously  identified  (regions  a  and  b).  No 
significant  difference  between  these  results  have  been 
found. 


of  the  products  required  for  the  test.  For  example,  the  VMP 
processor,  which  is  the  main  operational  ERS  processor, 
indicates  the  along  track  positicai  by  its  associated  azimuth 
time.  When  the  VMP  operational  mode  is  used,  it  is  difficult 
to  get  an  integer  azimutii  shift  between  products.  Therefore  a 
corregistration  step  at  subpixel  level  is  needed  and  this  is 
considered  to  be  the  main  responsible  of  the  measured  phase 
noise.  Using  the  VMP  test  mode  enables  the  generation  of  a 
pair  of  products  shifted  by  an  integer  niunber  of  lines.  In  such 
a  case  much  lower  phase  noise  is  obtained. 

OTHER  TESTS 

The  Interferometric  Offset  Test  insures  that  a  SAR 
processor  is  phase  preserving.  However  the  test  does  not 
insure  that  two  phase  preserving  processors  are  able  to 
provide  compatible  complex  products  for  interferogram 
generation.  Two  possibilities  exist  and  need  further 
investigation: 

1,  The  Point  Target  Test 

This  test  is  proposed  in  [1]  as  a  different  approach  for  the 
offset  test  and  is  based  on  the  phase  quality  analysis  of 
the  impulse  response  function.  It  is  a  complement  to  the 
classical  SAR  processing  quality  analysis. 

2.  The  Cross-Offset  Test 

Different  processors  may  implement  slightly  different 
transfer  functions.  The  processor  differences  may  not 
only  be  related  to  their  phases  but  also  to  their  modules 
(e.g.  different  weighting  functions  or  different  weighting 
coefficients).  Therefore,  the  theoretical  statistical  analysis 
for  the  Offset  Test  is  no  more  applicable  and  its 
independent  accomplishment  does  not  guarantee 
interferOTietric  compatibility.  The  Cross-Offset 
overcomes  this  limitation  by  performing  the  Offset  Test 
with  a  pair  of  products  generated  by  two  different 
processors  (with  the  same  processing  requirements  as  for 
the  Interferometric  Offset  Test). 


CONCLUSIONS 

Comments 

A  method  to  check  the  phase  preservation  of  a  SAR 
The  results  demonstrate  that  the  four  SAR  processors  are  processor  has  been  presented,  with  special  emphasis  on  its 

phase-preserving.  However  it  is  worth  mentioning  that  the  practical  aspects.  The  test  was  applied  to  four  different  ERS 

first  results  fra*  the  cok  and  I-PAF  processors  were  outside  the  processors,  demonstrating  the  test  capability  to  detect 

acceptance  criteria.  This  was  due  to  processing  inaccuracies  processing  inaccuracies.  Results  prove  the  phase  preservation 

and  led  to  slight  modifications  in  the  processor  design.  The  capability  of  these  processors.  The  test  limitations  for  insuring 

last  results  (Table  2)  are  obtained  after  the  processor  t^e  quality  of  an  interferogram  generated  with  different  phase- 

modifications.  preserving  processors  was  pointed  out.  Additional  tests  to 

check  this  feasibility  were  proposed. 

The  tested  processors  do  not  have  the  same  flexibility  to 
follow  the  test  processing  recommendations.  In  some  cases, 
the  processor  implementation  makes  difficult  the  generation 
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Table  2:  Offset  Test  results.  AU  phase  values  are  given  in  degrees. 


VMP 

I-PAF 

CSA 

cok 

Azimuth  offset  [lines] 

332 

6718 

700 

799 

Range  offset  [samples] 

99 

300 

300 

300 

1  100%  1 

Coherence  Module:  \y\ 

0.996621 

0.999861 

0.999786 

0.999514 

Coherence  Phase;  arg[Y} 

0.056222 

0.000010 

0.001010 

0.004480 

Phase  mean;  cpo 

0.063588 

0.001200 

0.002127 

0.005300 

Phase  standard  deviation:  a 

1.908490 

1.233000 

2.613000 

4.583000 

1  95  %  1 

Coherence  Module:  lyl 

0.998080 

0.999866 

0.999799 

0.999558 

Coherence  Phase:  argly} 

0.056000 

0.000106 

0.001003 

0.004470 

Phase  mean;  <po 

0.060897 

0.000960 

0.000880 

0.004370 

Phase  standard  deviation:  a  ^ 

0.972000 

0.599000 

1.355000 

2.301000 

AKNOWLEDGMENTS 

The  authors  thanks  B.  Schaettler  and  R.  Bamler  for  useful 
discussions. 

REFERENCES 

[1]  R.Bamler,  B.  Schaettler,  “Phase-Preservation  in  SAR 
Processing:  Definition,  Requirements  and  Tests”,  DLR 
Tech.Note,  Ver.1.0,  May  1995. 

[2]  R.Bamler,  D.  Just,  “Phase  Statistics  and  decorrelation  in 
SAR  interferograms”,  Proc.  IGARSS’93,  pp.  980-984. 

[3]  R.Bamler,  D.  Just,  “Phase  statistics  in  interferograms  with 


applications  to  synthetic  aperture  radar”.  Applied  Optics, 
Vol.  33,  No.  20,  pp.  4361-4368,  July  1994. 

[4]  M.  Cattabem,  A.  Monte-Guamieri,  F.  Rocca,”Estimation 
and  improvement  of  coherence  in  SAR  interferograms”, 
Proc.  IGARSS’94,  pp.  720-722. 

[5]  C.  Prati,  F.  Rocca,  A.  Monte-Guamieri,  P.Pasquali,”Report 
on  ERS-1  SAR  interferometric  techniques  and 
applicatims”,  ESA  Study  Contract  No.3-7439/92/HGE-I, 
1994. 

[6]  L.M.H.  Glanders,  J.O.  Hagberg,  "Radiometric  and 
interferometric  calibration  of  ENVISAT-l  data”,  ESA 
Study  Contract  No.  PO/133382, 1995. 

[7]  “ERS  SAR  SLC-I  Specifications”,  Issue  1,  Dec.  1995. 


480 


Robust  restoration  of  microwave  brightness  contrasts  from  the  DMSP  SSM/I  data 


B.Z^Petrenko 


Institute  of  Radioengineering  &  Electronics,  Russian  Academy  of  Sciences 
141120, 1,  Vvedenskogo  sq.,  Fryazino,  Moscow  reg.,  Russia 
Telephone:  (095)  526-92-68,  Fax:  (095)  203-84-14,  E-mail:  smirnov@mx.iki.rssi.ru 


Abstract  --  The  technique  tolerant  to  an  inexactness  of  the 
antenna  pattern  form  is  developed  for  resampling  microwave 
radiometer  data  on  the  base  of  robust  principles  of  statistical 
estimation.  Two  types  of  algorithms  are  considered:  a  single¬ 
channel  algorithm  and  an  interchannel  algorithm  to 
resample  low  frequency  channel  data  taking  into  account 
higher  frequency  channel.  The  performance  of  the 
algorithms  is  demonstrated  by  results  of  DMSP  SSM/I  data 
processing. 

INTRODUCTION 

The  instrumental  spatial  resolution  of  spaceborne  micro- 
wave  scanning  radiometers  is  determined  by  a  field  of  view 
size  pf,  which  is  typically  of  10  to  70  km,  and  it  is  critical  for 
many  thematic  applications.  The  algorithms  for  the  SSM/I 
(Special  Sensor  Microwave/Imager)  data  interpolation  were 
developed  on  the  base  of  Backus-Gilbert  [1-3]  and  image 
restoration  [4]  techniques  to  enhance  a  resolution  of  micro- 
wave  images.  All  these  algorithms  require  the  detailed 
knowledge  of  the  radiometer  antenna  pattern.  However,  this 
requirement  is  often  hard  to  fulfill.  Usually,  descriptions  of 
satellite  data  available  for  the  most  of  users  (e.g.,  [5])  carry 
only  the  information  on  the  3  Db  fields  of  view  diameters. 
Moreover,  elements  of  a  spacecraft  design  can  remarkably 
change  the  prelaunch  measured  antenna  pattern.  So,  there  is 
a  demand  for  an  imaging  technique  which  would  be  tolerant 
to  variations  of  the  antenna  pattern  form  and,  at  the  same 
time,  would  provide  sufficient  resolution  of  resulting  images. 

Such  technique  can  be  developed  basing  on  robust  princi¬ 
ples  of  statistical  estimation.  This  involves  separation  of  ab¬ 
normal  samples  from  the  initial  data  set  so  as  to  make 
resulting  estimates  more  tolerant  to  erroneous  data.  The 
techniques  described  below  treat  as  abnormal  antenna  tem¬ 
peratures  sampled  at  the  boundaries  of  contrast  objects  which 
are  the  most  sensitive  to  the  antenna  pattern  form. 

MODEL  OF  THE  SCENE  OBSERVED 

Generally,  the  brightness  temperature  Tb(p)  for  any  pixel 
|)  is  estimated  by  interpolation  of  a  set  S(|))  of  antenna  tem¬ 
peratures  sampled  within  a  certain  aperture  surrounding  this 
pixel.  The  antenna  temperature  measured  at  the  antenna 
boresight  r  is  expressed  as 

T,(r)=/  G(q,r)Tb(q)ds,  (1) 

0-7803-3068-4/96$5.00©1996  IEEE 


where  G(q,r)  is  the  antenna  gain  function,  jG(q,r)ds  =1,  and 
Tb(q)  is  a  brightness  temperature  of  a  scene  element  ds  ob¬ 
served  in  a  direction  q.  Let  the  scene  within  the  aperture 
consist  of  two  areas,  Ci  and  Ca,  with  Tb(q)=Ti+5T](q)  when 
qeCi  and  Tb(q)=T2+5T2(q)  when  qeCa,  where  5Ti(q)  and 
6T2(q)  are  spatial  fluctuations  of  brightness  temperatures. 
Then  (1)  can  be  written  in  the  following  form: 

T,(r)  =  Ti+A(r)(T2-T0+^(r),  (2) 

where 

£-(r)=  j  G(q,r)  5T2(q)ds  +  I  G(q,r)  5T|(q)ds, 

Cl  c, 

A(r)  =  j  G(q,r)ds.  (3) 

We  shall  assume  that  the  areas  Ci  and  Ca  are  contrast,  as 
it  takes  place  for  boundaries  of  many  natural  surfaces: 

£(r)«|  T2-T,  I  (4) 

If  the  field  of  view  is  situated  at  a  distance  more  then  pf 
from  the  areas  boundary  then  the  coefficient  A(r)  is  close  to 
0  or  to  1,  and  the  antenna  pattern  slightly  affects  Ta(r) 
through  ^(r)  only.  On  the  other  hand,  the  antenna  tem¬ 
peratures  for  fields  of  view  lying  closer  to  the  boundary  zone, 
where  A(r)  varies  from  0  to  1,  are  the  most  influenced  to  the 
antenna  pattern  variations.  So,  one  can  make  the  estimate  of 
Tb(p)  more  tolerant  to  antenna  pattern  inaccuracy  excluding 
from  S(p)  antenna  temperatures  sampled  at  the  boundary 
zone. 

SINGLE  CHANNEL  DATA  IMAGING 

While  a  single  channel  data  interpolation  the  elements  of 
S(p)  most  sensitive  to  the  antenna  pattern  form  can  be  sepa¬ 
rated  by  values.  If  antenna  temperatures  close  to  T]  dominate 
S(p)  then  Ta(r)  samples  for  fields  of  view  lying  in  the 
boundary  zone  and  in  the  area  C2  can  be  treated  as  anoma¬ 
lies.  The  estimation  of  Tb(p)  involving  abnormal  samples 
separation  can  be  performed  by  means  of  median  filtering 
[6].  In  order  to  enhance  a  capacity  of  resolving  small  objects 
of  order  pf  in  diameter  a  standard  range  median  algorithm 
was  enhanced  in  a  following  way.  For  each  data  set  S(p) 
both  range  and  weighted  medians  [6]  were  taken.  The 
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weighted  median  was  taken  by  weighting  each  Ta(r)  sample 
with  weights  c(r)  decreasing  with  a  distance  between  the 
pixel  p  and  antenna  boresight  vector  r.  Since  3  Db  field  of 
view  sizes  were  assumed  to  be  the  only  well-known  antenna 
pattern  parameters,  c(r)  were  calculated  as  follows: 

c(r)=  exp(-|p  -  rp/2(kpf  Hf).  (5) 

The  abnormal  elements  having  the  smallest  weights  were 
iteratively  removed  from  S(p)  until  the  weighted  and  range 
medians  of  the  remaining  data  set  became  equal. 

INTERCHANNEL  DATA  IMAGING 

Due  to  the  diffraction  the  pf  value  of  multichannel  micro- 
wave  radiometer  increases  from  higher  to  lower  operating 
frequencies.  If  the  same  contrast  objects  are  seen  in  two 
channels  with  a  different  spatial  resolution  then  brightness 
contrasts  in  the  low  resolution  image  can  be  refined  with  the 
use  of  a  high  resolution  image.  This  idea  was  expressed  in 
[7].  But  the  algorithm  proposed  in  [7]  hardly  relies  on  the 
rectangularity  of  the  angular  gain  function  typical  for  optical 
sensors.  The  robust  technique  solves  this  problem  without 
detailed  suggestions  on  the  antenna  patterns. 

Let  a  contrast  scene  be  observed  by  channels  having  an¬ 
tenna  gain  functions  Gl  and  Gh.  It  follows  from  (2)  and  (3) 
that  if  Gl=  Gh  then  the  relationship  between  antenna  tem¬ 
peratures  TaLand  TaH,  sampled  in  this  channels  is  well  fitted 
by  a  linear  regression.  But  if  Gl^Gh  then  the  pair  {TaL,TaH} 
sampled  at  a  boundary  zone  will  deviate  from  a  regression 
line.  If  the  aperture  size  will  be  of  several  pf  of  a  lower  fre¬ 
quency  channel  then  strongly  deviating  points  will  be  a  small 
part  of  a  total  amount  of  samples.  Then  abnormal  samples 
can  be  separated  from  the  initial  data  set  by  deviations  of 
pairs  {TaL,TaH}  from  a  regression  line. 

The  interchannel  algorithm  for  estimation  of  a  low  fre¬ 
quency  brightness  temperature  TbL*(p)  involves  following 
main  procedures: 

(i)  The  regression  between  TaL(p)  and  TaH(p)  is  constructed 
by  least  squares:  TaR(p)=a+bTaH(p),  and  a  standard  deviation 
a  of  samples  TaL(p)  from  regressed  values  TaR(p)  is  evalu¬ 
ated. 

(ii)  Single-channel  brightness  temperature  estimates  for 
low  and  high  frequency  channels,  TbL(p)  and  TbH(p)»  are 
evaluated  with  the  algorithm  described  above; 

(iii)  The  final  brightness  temperature  estimate  TbL*(p)  for 
a  low  frequency  channel  is  evaluated  as 

TbL*(p)  =  Tb  l(p)  +  (a+bTbH(p)-TbL(p))  exp{-  aV2o^}  (6) 

The  exponential  multiplier  in  the  right  part  of  (6)  makes 
the  more  stronger  correction  of  a  single-channel  estimate  Tb 
l(p)  the  more  relative  deviation  A/a  of  a  pair  {TbL(p), 
TbH(p)}  from  a  regression  line. 

The  essential  feature  of  this  technique  is  its  versatility.  It 
requires  no  other  information  on  the  antenna  pattern  except 
pf  value.  Moreover,  since  it  does  not  require  any  suggestions 


on  a  nature  of  data  processed,  it  allows  to  apply  optical  or 
SAR  images  for  enhancing  microwave  radiometric  contrasts. 
The  only  requirement  is  the  coincidence  of  contrast  areas 
boundaries  as  they  are  observed  by  both  sensors. 

SYNTHESIS  OF  IMAGES  FROM  THE  SSM/I  DATA 

Due  to  the  nonlinearity  inherent  in  the  the  robust  algo¬ 
rithms  it  is  hard  to  analyze  their  performance  theoretically. 
For  this  reason  it  was  assessed  by  the  results  of  processing 
data  of  the  SSM/I  radiometer  that  is  flown  on  the  .DMSP 
Fll  satellite.  The  pf  value  was  13  to  15  km  at  the  operating 
frequency  85.5  GHz  and  43  to  69  km  at  19.35  GHz  with  a 
sampling  frequency  at  85.5  GHz  being  twice  higher  then  at 
19.35  GHz  [5],  Images  were  made  for  the  channel  19.35 
GHz,  horizontal  polarization  (19H),  and  the  channel  85.5 
GHz,  horizontal  polarization  (85H)  was  used  for  interchan¬ 
nel  refinement  of  19H  images.  Cloudless  scenes  were  chosen 
in  order  to  provide  a  coincidence  of  contrast  areas  boundaries 
in  both  channels. 

The  spatial  resolution  of  resulting  images  were  assessed  as 
a  halfwidth  of  a  transition  zone  between  waste  (much  waster 
than  pf)  areas  of  a  land  and  oceans.  For  a  single-channel  al¬ 
gorithm,  the  resolution  of  19H  was  found  to  be  within  20  to 
25  km  that  is  close  to  limit  posed  by  Nyquist  theorem  and  is 
consistent  with  one  obtained  by  the  techniques  based  on  an 
exact  knowledge  of  the  antenna  pattern.  The  interchannel  al¬ 
gorithm  makes  the  spatial  resolution  of  the  19H  images  equal 
to  that  of  that  of  85H  channel  which  is  approximately  of  10 
to  12  km. 

The  more  hard  problem  is  to  detect  contrast  object  in  size 
of  the  order  of  pf  or  smaller.  In  this  case,  a  maximum  meas¬ 
ured  antenna  temperature  contrast  is  less  then  the  actual 
brightness  contrast.  So,  the  best  brightness  contrast  robust 
estimate  is  a  maximum  antenna  contrast. 

The  images  of  the  Baikal  lake  area  obtained  from  the 
DMSP  SSM/I  Fll  measurements  made  on  September,  5, 
1994,  are  shown  on  Fig.  1.  The  width  of  the  Baikal  lake 
along  the  line  AB  shown  on  Fig.  1.3  is  70  km  that  corre¬ 
sponds  to  1  to  1.5  pffor  the  19H  channel.  The  brightness 
temperature  profiles  restored  along  the  line  AB  are  shown  on 
Fig.  2.  Due  to  the  procedure  of  removing  abnormal  samples 
the  single-channel  algorithm  allows  estimate  of  brightness 
temperature  contrast  close  to  a  maximum  antenna  contrast. 
The  interchannel  algorithm  somewhat  increases  the  maxi¬ 
mum  brightness  contrast  and  narrows  the  boundary  zone 
between  land  and  water  in  the  19H  channel  up  to  that  of 
85H.  The  visual  comparison  of  Fig.  1.1  and  1.2  shows  that 
the  interchannel  technique  resolves  contours  of  contrast  ob¬ 
jects,  such  as  the  Baikal  lake  and  the  Angara  river  in  much 
more  details  then  the  single-channel  technique.  Moreover,  a 
number  of  actual  small  objects  which  are  invisible  in  Fig. 
I.l,  are  well  resolved  on  Fig.  1.2,  such  as  the  Olchon  island 
and  the  St.  Nos  peninsula  on  the  Baikal  lake  and  the  Gusinoe 
lake  to  the  south  of  the  Baikal  lake. 
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Figure  1.  Images  of  the  Baikal  lake  area  obtained  from  DSMS  SSM/I  FI  1  data  with  a  single-channel  algorithm  of  channels 
19H  (1)  and  85H  (3)  and  with  interchannel  algorithm  (2).  Objects  lettered  on  Fig.  1.2  are  the  Angara  river  (A),  the  Olchon 
island  (B),  the  St.  Nos  peninsula  (C),  the  Gusinoe  lake  (D) 


Figure  2.  Brightness  temperature  profiles  restored  along  the 
line  AB  on  fig.  1.3  by  a  single-channel  interpolation  of  19H 
(1)  and  85H  (3)  and  by  interchannel  interpolation  of  19H  (2). 

CONCLUSIONS 

The  robust  technique  for  scanning  microwave  radiometer 
data  imaging  is  proposed  which  compensates  for  the  antenna 
pattern  inexact  knowledge  by  the  analysys  of  the  structure  of 
the  interpolated  set  of  antenna  temperatures.  While  a  single 
channel  data  processing,  this  technique  provides  a  spatial 
resolution  of  the  resulting  image  comparable  with  that  of  the 
techniques  based  on  the  accurate  antenna  pattern  knowledge. 
Under  some  natural  conditions  this  technique  allows  to  use 
the  channel  with  better  spatial  resolution  for  the  refinement 
of  brightness  contrasts  on  the  image  obtained  in  the  lower 
resolution  channel.  In  the  last  case  the  spatial  resolution  of 
the  lower  resolution  channel  image  comes  close  to  that  of  the 
high  resolution  channel  image. 
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Abstract  —  The  HUT  93  GHz  Airborne  Imaging  Radiome¬ 
ter  (AIR-93)  is  being  modified  in  an  advanced  airplane  ver¬ 
sion.  The  new  features  include  a)  the  use  of  an  attitude- 
dGPS  instrument  to  produce  gyro  data  for  radiometer 
beam  active  stabilization,  b)  an  improved  version  of  the 
airborne,  liquid  nitrogen  cooled  cold  calibration  target, 
and  c)  the  digital,  computationally  stabilized,  position  ori¬ 
ented  optical  comparison  image  system. 

INTRODUCTION 

The  HUT  93  GHz  dual  channel  (horizontal  and  vertical  po¬ 
larization),  conically  scanning  Airborne  Imaging  Radiome¬ 
ter,  AIR-93  [1,  2],  was  originally  designed  and  built  for  Bell 
Jet  Ranger  platform.  During  the  building  process,  how¬ 
ever,  our  laboratory  bought  a  Shorts  Sky  van  airplane  and 
modified  it  into  a  customized  remote  sensing  platform.  To 
provide  multi-sensor  capabilities  for  the  EMAC’95  sea  ice 
and  snow  measurement  campaign  [3],  the  instrument  was 
modified  to  be  compatible  also  with  the  Skyvan  airplane 
in  few  weeks  after  its  completion. 


Fig.l  AIR-93  (left)  assembly  on  Skyvan’s  rear  cargo 
hatch  along  with  profiling  radiometers,  EMAC’95 


The  test  and  measurement  campaign  flights  aboard 
the  two  different  aircraft  types  gave  valuable,  practical 
information  on  their  applicability  for  imaging  radiometer 
platform.  Compared  to  the  helicopter  platform,  the 
airplane  was  found  to  have  the  following  advantages  (-f) 
and  disadvantages  (— ): 

-f  The  airplane  has  less  angular  motion  in  non-turbulent 
air  (sea  ice  missions),  resulting  in  less  distorted  image 
geometry  and  radiometric  data  values. 
0-7803-3068-4/96$5.00©1996  IEEE 


-h  The  airplane  has  a  larger  range,  and  there  are  no  re¬ 
strictions  on  operating  over  open  sea,  while  a  Finnish 
JetRanger  has  not  been  allowed  to  exceed  the  autorota¬ 
tion  range  from  the  nearest  land  since  1993. 

-f  The  airplane  has  a  customized,  dGPS-based  navigation 
system  that  leads  to  more  accurate  overflights  than  the 
usual  helicopter  GPS  systems. 

—  The  lowest  feasible  airspeed  of  the  airplane  is  so  high 
(110  kn)  that  the  flight  altitude  has  to  be  at  least  750  m 
to  compensate  for  it,  providing  integration  time  long 
enough  (r=10  ms).  The  higher  altitude  results  in  a 
larger  footprint  size,  43x68  m  (Skyvan,  1000  m  nominal) 
instead  of  22x34  m  (JetRanger,  500  m  nominal). 

-f-  Due  to  higher  airspeed,  the  cross-wind  deficiencies  are 
considerably  smaller  in  airplane  use. 

”  The  visibility  to  the  target  is  poor  compared  to  that  of 
a  helicopter. 

it  Skyvan  has  double  operating  costs  compared  to  Jet- 
Ranger’s  full-service  leasing  price.  A  Skyvan  mission 
also  requires  more  people  and  effort  than  a  JetRanger 
flight.  However,  up  to  three  radiometer  systems  with 
a  total  of  ten  channels  can  be  operated  simultaneously, 
resulting  in  60%  less  cost/channel. 

Excluding  the  narrower  airspeed  range  and  the  resulting 
worse  spatial  resolution,  the  Skyvan  airplane  was  consid¬ 
ered  a  better  platform  for  the  AIR-93  instrument.  Skyvan 
also  provides  far  better  possibilities  for  the  attitude-GPS 
[4]  installation  that  may  also  be  a  permanent  one.  The 
attitude-GPS  is  needed  to  provide  gyro  data  for  the  ra¬ 
diometer  beam  active  stabilization  system  [1],  which  com¬ 
pensates  for  the  platform’s  angular  motion.  In  addition, 
Skyvan  has  better  possibilities  to  carry  a  larger  airborne 
cold  calibration  [1]  liquid  nitrogen  dewar,  as  the  previous 
one,  21,  was  found  to  be  too  small. 

At  present,  these  possibilities  are  met  by  preparing  the 
installation  of  the  attitude-dGPS  and  the  active  stabiliza¬ 
tion  system  and  improving  the  airborne  cold  calibration 
system.  Apart  from  the  airplane  use  customization,  the 
electronics  unit  is  also  being  modified  to  improve  its  relia¬ 
bility  and  performance,  and  a  new  optical  comparison  im¬ 
age  composition  technique  has  been  developed.  All  these 
modifications  are  described  in  more  detail  in  the  following 
sections. 
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Although  not  all  the  new  features  can  be  exploited  on 
a  helicopter  platform,  the  instrument  compatibility  with  a 
JetRanger  is  also  restored,  as  high  spatial  resolution  may 
be  useful  in  some  applications,  e.g.  precision  farming  [5]. 

ELECTRONICS  UNIT  MODIFICATION 

Fig.2  depicts  the  upgraded  control,  data  acquisition  and 
data  processing  unit  block  diagram.  The  most  essential 
change  is  replacing  the  486  main  computer  with  an  100 
MHz  Pentium,  transferring  the  temperature  control  tasks 
of  the  third,  8086-computer  to  the  main  computer,  and 
discarding  the  8086.  The  motion  controlling  286  was  re¬ 
placed  by  a  586  similar  to  the  main  computer  to  provide 
the  necessary  computing  capacity  for  the  active  stabiliza¬ 
tion.  It  boots  from  a  flash  disk  instead  of  the  previously 
used  diskette  drive. 


104  card  decks  by  ISA-cards,  which  are  easy  to  access  and 
can  be  removed  separately  for  maintenance. 

THE  ACTIVE  STABILIZATION  SYSTEM 

The  purpose  of  the  active  stabilization  system  is  to  keep 
the  radiometer’s  beam  line-of  sight  correct  despite  plat¬ 
form  angular  motion.  The  AIR-93  was  originally  con¬ 
structed  for  easy  update  of  the  active  stabilization!  the 
radiometer  is  gimballed  by  two  servo  drives  (the  scan  and 
pitch  motors),  which  can  be  programmed  to  follow  a  path 
that  compensates  for  the  platform’s  angular  motion,  ex¬ 
cluding  the  residual  tilt  variation  [6]. 

The  necessary  real-time  gyro  data  is  produced  by  a 
commercial  attitude-GPS  system  that  is  being  customized 
to  provide  3-axis  attitude  and  angular  velocity  data  at 
a  rate  of  10  Hz  at  Stanford  University  [6],  while  the 
commercial  version  outputs  2  Hz  attitude  data  only.  The 
gyro  data  could  also  be  generated  by  employing  a  3-axis 
ring-laser  gyro,  but  with  5-10  X  costs  and  drift  problems. 
The  attitude-GPS  has  no  drift  and  is  assumed  to  work 
well,  because  no  banking  is  required  during  the  straight 
measurement  lines,  ensuring  full  satellite  visiblity  and 
integer  lock  hold  on  the  up-wing  Skyvan  airplane. 


Fig.3  Attitude-GPS  antennae  accommodation  on  Skyvan. 


The  system  will  be  activated  as  soon  as  the  attitude- 
GPS  is  received,  assembled  and  tested  on  the  Skyvan,  and 
AIR-93  servo  control  programs  are  supplemented  with  the 
compensation  path  computation  formulas  presented  in  [6]. 


Fig.2  The  .pg..<i.d  AIR.93  system  bloeh  di.gtem.  AIRBORNE  COLD  CALIBRATION 

The  architecture  of  the  video  texter  and  timer  card 

has  been  simplified  and  improved:  any  graphics  can  be  The  original  version  of  the  liquid  nitrogen  cooled  airborne 

inserted  and  the  video  signal  fidelity  has  been  improved  cold  calibration  target  [1]  was  tested  aboard  both  heli- 

from  fair  to  very  good.  In  addition,  the  graphics  grayscale  copter  and  Skyvan  platforms.  However,  the  pressure  fee 

can  be  stepless  varied  from  white  (forest  scenes)  to  black  system  that  was  based  on  controlled  evaporization  of  liquid 

(snow  scenes)  from  the  user  interface.  The  electronics  unit  nitrogen,  was  not  found  reliable.  In  addition,  the  matched 

serviceability  has  also  been  improved  by  replacing  the  PC-  teflon  double  window  had  to  be  warmed  so  intensively  to 
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prevent  moisture  condensation  that  it  raised  the  cold  cal¬ 
ibration  load’s  apparent  brightness  temperature  by  up  to 
20  K  (!).  Moreover,  the  21  dewar  was  found  to  be  too  small 
in  airplane  use,  since  liquid  nitrogen  vaporized  and  flowed 
all  the  time,  although  the  heating  was  off,  and  could  run 
out  during  taxi,  waiting  for  takeoff  and  the  transfer  flight. 

Fig. 4  illustrates  the  new  cold  calibration  target  design 
that  has  been  improved  to  avoid  the  previous  defects:  The 
liquid  nitrogen  is  stored  in  a  51  dewar,  and  transferred 
by  a  submersible  electrical  pump  that  is  put  on  about 
one  minute  before  calibration.  The  pump  is  controlled 
according  to  the  feedback  of  the  two  PTIOO  thermal 
sensors  located  on  the  absorber  plate.  Since  the  dewar 
is  unpressurized  and  the  fluid  is  transferred  only  when 
needed,  it  should  last  for  hours.  The  teflon  double- window 
is  replaced  by  a  foam  lid  that  is  quickly  moved  aside  for 
the  few  seconds  a  calibration  takes.  Hence,  the  radiometer 
has  a  direct  view  of  the  impregnated  absorption  plate. 

101  stainless 
steel  dewar 

Thermally 
insulated 
liquid  nitrogen 
pipeline 

10  mm  foam  core 
sandwitch  plate 

Limit  switches 


Nitrogen  gas 
exhaust 

Absorber  plate 

Styrofoam 
shield  plate 

Fig.4  The  improved  cold  calibration  target  concept, 

THE  OPTICAL  COMPARISON  IMAGE 

Originally,  the  AIR-93  had  a  nadir-looking  video  camera 
for  optical  comparison  image  production.  The  video 
cross-track  view  angle  was  set  equal  to  the  radiometer 
swath.  The  video  was  recorded  on  a  VHS  tape  for  post 
processing,  and  the  live  video  image  was  grabbed  and 
displayed  on  the  user  interface  along  with  the  radiometer 
image  for  operation  convenience.  The  post  processing  was 
performed  by  digitizing  frames  from  the  VHS  tape  and 
pasting  the  frames  into  a  single  image  manually  with  the 
Showcase  program.  The  technique  involved  a  lot  of  slow 
manual  work,  had  no  position  reference  data,  the  frames 
themselves  are  slightly  distorted,  and  the  composed  image 
may  become  rather  distorted,  depending  on  the  platform 
perturbation. 

These  problems  may  be  solved  by  using  the  video 


camera  as  a  "line  scanner”:  a  cluster  of  ten  middle  lines 
of  video  image  are  digitized  and  stored  on  a  disk  each 
time  the  airplane  has  flown  forward  slightly  less  than  the 
respective  distance.  The  airplane  position  and  attitude 
data  are  also  written  on  the  disk  along  with  each  cluster. 
By  using  these  data  and  the  optics  across-track  correction, 
it  is  possible  to  post-process  a  totally  rectified,  almost 
nondistorted  reference  image,  whose  pixel’s  coordinates 
are  known.  Fig. 5  presents  a  test  comparison  of  an  original 
and  a  10-line-scanned  image  that  has  also  been  digitized 
from  VHS-tape,  without  the  platform  orientation  data. 
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ABSTRACT 

A  method  using  a  digital-expansion  and  analog- 
compression  technique  for  making  a  compressed  pulse 
with  a  very  low  range-sidelobe  level  for  future 
application  to  spaceborne  rain  radar  is  studied.  In  this 
method,  the  transmission  signal  which  is  modulated 
both  in  frequency  and  in  amplitude  is  generated 
digitally,  and  the  signal  is  compressed  using  a  Surface 
Acoustic  Wave  Dispersive  Delay  Line.  A  range-sidelobe 
suppression  of  more  than  60  dB  is  obtained  in  the 
calculation,  and  a  54  dB  suppression  is  attained  in  test 
measurement. 


INTRODUCTION 

The  significance  of  global  scale  rain 
measurement  as  an  aid  to  better  understanding  of  water 
cycles  and  climate  change  has  been  widely  recognized. 
A  spaceborne  rain  radar  is  the  most  attractive 
instrument  for  this  purpose  of  the  measurement.  The 
TRMM  (Tropical  Rainfall  Measuring  Mission)  is  the 
first  satellite  to  be  equipped  with  the  rain  radar  (PR : 
Precipitation  Radar)  and  is  scheduled  to  be  launched  in 
1997.  For  future  rain  radar  missions,  however,  further 
improvement  is  needed  in  radar  performances.  In 
particular,  higher  sensitivity  and  higher  resolution  are 
expected  to  achieve.  One  way  for  achieving  these 
improvementsis  to  apply  the  pulse  compression 
technique  to  the  spaceborne  rain  radar.  There  are  some 
difficulties,  however,  in  applying  the  pulse 
compression,  the  most  serious  one  being  the  presence  of 
the  range-sidelobe  produced  in  the  compression.  For 
downward  looking  rain  radar,  surface  echoes  are  much 
stronger  than  light  rain  signals.  Using  the  pulse 
compression  technique  for  satelliteborne  rain  radar  may 
cause  the  range-sidelobe  echo  from  the  surface  to  mask 
the  rain  echo  near  the  surface.  When  a  14-GHz  radar, 
which  has  the  same  frequency  as  the  TRMM-PR  is  used, 
a  range-sidelobe  suppression  of  more  than  60  dB  from 
the  mainlobe  level  is  required  to  measure  light  rain  [1]. 
The  range-sidelobe  suppression  attained  with 
0-7803-3068-4/96$5.00©1996  TF.FF, 


conventional  pulse  compression  techniques  using  a  pair 
of  SAW  DDLs  (Surface  Acoustic  Wave  Dispersive 
Delay  Line)  is  about  40  dB. 

One  potential  method  for  achieving  such  a  low 
range-sidelobe  level  in  the  pulse  compression  is  to  use  a 
digital-expansion  and  analog-compression  technique; 
the  amplitude  and/ or  frequency  modulated  signal  is 
generated  digitally  in  the  transmission  and  the  signal  is 
compressed  using  a  SAW  DDL  in  the  receiver  as  in  the 
conventional  method.  Because  a  transmission  signal 
waveform  can  be  generated  to  correct  undesirable  defects 
in  the  SAW  DDL  used  for  the  compression,  a  lower 
range-sidelobe  level  can  be  expected  when  using  this 
system  than  when  using  a  pair  of  SAW  DDLs.  In  this 
system,  data  processing  is  simple  and  easily  completed 
in  real  time.  This  is  important  especially  for  spaceborne 
radar  systems. 


CALCULATION 
OF  TRANSMISSION  SIGNAL 

In  the  digital-expansion  and  analog- 
compression  system,  the  most  important  thing  is  to 
determine  the  transmission  signal  waveform.  When  the 
Fourie  transforms  of  the  transmission  signal  waveform 
x(t)  and  the  SAW  DDL  forward  transfer  response  h(t) 
are  denoted  as  X(f)  and  H(f)  respectively,  the  spectrum 
of  the  compressed  pulse  Y(f)  is  expressed  as 

Y(f)  =  H(f)-X(f).  (1) 

In  the  digital-expansion  and  analog-compression  case, 
H(f)  is  a  fixed  function  representing  the  response  of  the 
SAW  DDL  used  at  the  receiver.  If  an  output  signal 
waveform  y (t)  or  its  spectrum  Y (f)  is  given,  X(f)  is 
derived  ft'om  (1).  Therefore  the  problem  is  to  obtain  the 
optimum  X(f)  under  given  FL(f)  and  a  target  of  Y(f). 

The  test  measurement  is  made  using  a  SAW  DDL 
with  a  center  frequency  of  30.5  MHz  and  bandwidth  of  2 
MHz.  The  3-term  Blackman  Harris  window  function  [2] 
is  used  as  a  spectrum  of  the  compressed  target  waveform 
Y(f)as 
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Fig.  1.  Transmission  signal  waveform  obtained  from 

calculation  using  forward  transfer  function  of 
SAW  DDL  and  a  target  compressed  pulse. 
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Fig.  2.  Compressed  pulse  obtained  from  calculation 
when  a  time-gate  is  applied  to  the  signal 
between  -79  fisec  and  37  psec  in  Fig.  1. 


Fig.  3.  Block  diagram  of  experimental  circuit. 


r2;r(f-fo)l 

Y(f).ao  +  a,-cosl - - - j 

r4;r(f-fo)1 

+a,-cosl  g  j 
when  ao  =  0.42323,  a^  =  0.44755,  a2  =  0.07922. 


Though  this  function  has  a  very  simple  form,  it  gives  a 
low  enough  sidelobe  level.  In  this  experiment,  the  center 
frequency  fo  is  set  to  30.5  MHz  and  the  bandwidth  B  is 
set  to  2.0  MHz. 


The  calculated  transmission  signal  is  shown  in 
Fig.  1.  The  transmission  signal  is  modulated  not  only  in 
frequency  but  also  in  amplitude,  and  its  pulse  width  is 
9.1  psec.To  send  this  signal  as  the  radar  transmission,  a 
time-gate  with  a  finite  length  is  applied. 

Figure  2  shows  a  calculated  compressed  signal 
y(t)  under  x(t)  with  a  time-gate  applied  between  -79 
psec  and  37  psec  in  Fig.  1.  A  compressed  pulse  with  a  70- 
dB  range-sidelobe  suppression  and  a  pulse  width  of  0.8 
psec  is  obtained  (Fig.  2). 
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RESULTS  OF  TEST  MEASUREMENT 

Measurements  are  taken  using  a  hardware  test 
set  to  confirm  the  calculation  results.  Fig.  3  is  a  block 
diagram  of  the  test  set.  The  transmission  pulse  is 
generated  by  an  Arbitrary  Waveform  Generator  (AWG) 
with  a  250-MHz  clock  rate  and  12-bits  accuracy.  The 
measurement  result  is  shown  in  Fig.  4  together  with  the 
calculated  one.  In  this  measurement,  the  RF  unit  is  not 
connected  but  the  output  of  the  AWG  is  hooked  directly 
up  the  SAW  DDL.  The  figure  shows  that  a  range- 
sidelobe  suppression  of  about  54  dB  is  attained.  There 
are  some  discrepancies  between  the  calculated  result 
and  the  measured  one.  The  range-sidelobe  level  near 
mainlobe  is  higher  for  the  measured  pulse  than  for  the 
calculated  one.  Insufficient  dynamic  range  and  non¬ 
linearity  in  the  test  circuit  are  possible  causes  of  this 
discrepancy.  The  measured  results  also  show  a  broad 
peak  at  around  -30  psec.  This  is  due  to  the  feed-through 
effect,  which  is  one  of  the  defects  of  the  SAW  DDL. 
Ideally,  this  broad  peak  should  be  canceled  because  the 
input  signal  contains  the  component  to  compensate  for 
the  feed-through  effect.  Although,  this  cancellation 
does  not  work  completely.  One  of  possible  reasons  of  this 
discrepancy  is  that  the  transient  response  of  the  SAW 
DDL  may  cause  non-negligible  effect  in  this  case.  The 
transient  response  has  not  been  evaluated  enough  in  our 
measurement  using  a  network  analyzer. 


CONCLUSION 

By  calculation,  it  is  shown  that  enough  range- 
sidelobe  suppression  can  be  obtained  with  the  digital- 
expansion  and  analog-compression  technique.  In  the  test 
measurement,  a  54  -dB  sidelobe  suppression  is  attained, 
although  the  theoretical  calculation  marks  70-dB 
suppression.  The  possible  causes  of  the  discrepancy 
between  the  calculation  and  experiment  are  transient 
response  effect  of  the  SAW  DDL,  along  with  insufficient 
dynamic  range  and  non-linearity  in  the  test  circuit.  In 
this  measurement,  the  transmission  signal  is  optimized 
to  the  frequency  response  of  the  SAW  DDL  only.  So, 
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Fig.  4.  Compressed  pulse  (solid  line)  obtained  from 
measurement  using  a  hardware  test  set 
and  calculated  compressed  pulse  (dotted  line) 

better  results  will  be  obtained  if  the  transmission  signal 
is  optimized  to  the  response  of  all  the  receiving  system. 

Hereafter,  the  influence  of  doppler  shift  to  the 
range-sidelobe  level  should  be  studied  and  the 
mea,surement  using  a  radar  system  including  RF  unit  will 
be  carried  out. 
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ABSTRACT 

With  a  breadboard  activity,  funded  by  ESA,  ALCATEL 
ESPACE  associated  with  four  other  European  companies, 
demonstrates  the  feasibility  of  an  all  digital  generation  and 
compression  system,  operating  in  real  time  and  meeting 
range  sidelobes  of  the  compressed  pulse  lower  than  -65  dB 
despite  a  low  pulse  bandwidth  x  pulse  duration  product. 
Chosen  pulse  compression  technique  consists  in  a  frequency 
domain  processing  taking  into  account  distortions  due  mainly 
to  IF  filters  and  non  linear  behavior  of  the  HPA  by  the 
implementation  of  an  automatic  compensation  procedure. 
After  a  complete  description  of  the  processing  technique  and 
the  breadboard,  this  paper  presents  achieved  performances  in 
particular  in  presence  of  severe  non  linear  distortions, 
sinusoidal  amplitude  and  phase  ripples. 


1  rNTRODUCTION 

Pulse  compression  technique  is  well  known  for  reducing  the 
RF  peak  power  needed  by  a  conventional  short  pulse  radar  to 
meet  a  given  signal  to  noise  ratio  which  relaxes  HPA 
criticality.  In  addition,  its  possible  finer  range  resolution 
potentially  increases  the  number  of  independent  samples 
available  for  a  given  dwell  time  which  improves  the  rain  rate 
estimate. 

Anyway,  in  case  of  spaceborne  rain  radar,  to  prevent  surface 
clutter  from  interfering  and  obscuring  the  return  from  the 
precipitation  field,  the  range  sidelobe  level  (SLL)  of  the 
compressed  pulse  must  be  at  least  lower  than  -55  to  -60  dB 
which  is  a  big  challenge. 

The  Rain  Radar  Test  Bed  demonstrates  the  feasibility  of  an 
all  digital  generation  and  compression  system,  meeting  all  the 
requirements  as  shown  in  Table  1  and  operating  at  real  time. 
This  breadboard  has  been  manufactured  by  ALCATEL 
ESPACE  associated  with  four  other  European  companies, 
and  has  been  funded  by  ESA. 
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PARAMETER 

REQUIRED 

ACHIEVED 

Pulse  bandwidth 

4.5  MHz 

4.5  MHz 

Pulse  duration 

<  60  ps 

60  ps 

PRF 

2500  Hz 

2500  Hz 

Acquisition  window 

250  ps 

256  ps 

Doppler  spread 

+/-  4  kHz 

>  +/-  4  kHz 

Dynamic  range 

55  dB 

~60  dB 

Compressed  pulse  response  SLL 

<  -  60  dB 

<  -  65  dB 

Table  1 :  Breadboard  requirements  and  performances 


The  implemented  compression  technique  fits  with  the  three 
different  rain  radar  concepts  [1]  that  are  ; 

•  Single  Beam  Single  Frequency  (SBSF)  at  Ku-band, 

•  Single  Beam  Dual  Frequency  (SBDF)  at  Ku  &  K-bands, 

•  Dual  Beam  Single  Frequency  (DBSF)  at  K-band. 

7  PI  TT.SF.  WAVEFORM 

The  determination  of  the  pulse  and  replica  waveforms  is 
preponderant  to  achieve  such  a  high  sidelobe  level  of  the 
compressed  pulse. 

Indeed,  the  weighted  linear  FM  chirp  is  not  adequate  because 
with  a  270  (bandwidth  .  time)  product,  the  Fresnel  sidelobes 
are  close  to  -52  dB  [2]. 

Regarding  the  full  Doppler  spread  and  the  HPA  saturated 
operating  mode,  none  phase  code  gives  acceptable 
performances. 

A  broken  line  FM  transmit  pulse  as  described  in  Figure  1  was 
then  selected  associated  with  an  optimized  replica,  computed 
by  the  Test  Bed  in  order  to  take  into  account  distortions  due 
mainly  to  IF  filters  and  non  linear  behavior  of  the  HPA.  That 
automatic  compensation  procedure  (ALCATEL  ESPACE  s 
patent)  enables  to  relax  the  radar  sensitivity  to  realistic  level 
of  radar  hardware  distortions. 
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3.  BREADBOARD  ARCHTTECTIJRH 

The  breadboard  block  diagram  is  described  in  Figure  2  as 
well  as  main  sub-system  features.  The  overall  architecture  is 
composed  of  the  five  following  units  : 

(i)  a  Digital  Waveform  Generation  unit  (DWG) 
generates  the  selected  pulse  directly  at  5  MHz. 

(ii)  a  Digital  Waveform  Compression  unit  (DWG) 
performs  the  Analog  to  Digital  Conversion,  baseband 
demodulation  and  pulse  compression. 

(iii)  an  Analog  Interface  unit  (ANI)  represents  the  first 
conversion  stage  of  the  radar  transmit/receive  chains. 

(iv)  a  Distortion  unit  implemented  between  65  MHz  ports 
of  the  ANI  simulates  typical  distortions  and  enables 
to  assess  the  breadboard  sensitivity  to  applied  errors. 

(v)  a  Test  Bed  manages  breadboard  operation,  computes 
sidelobe  ratio  and  range  resolution  of  the  compressed 
response  and  displays  test  results. 

The  DWG  unit  is  composed  of  a  RAM,  a  high  accuracy 
Digital  to  Analog  converter  and  an  anti-aliasing  filter.  An 


interface  module  ensures  the  link  with  the  Test  Bed  which 
computes  and  downloads  the  waveform  in  the  RAM. 

After  up-conversion  (from  5  to  65  MHz),  various  types  of 
distortions  can  be  applied  on  the  transmitted  pulse  : 
sinusoidal  amplitude/phase  ripple  whose  characteristics 
(amplitude,  frequency  and  start  phase)  are  programmable  by 
external  waveform  generators,  and  non  linear  distortions  with 
AM/AM  and  AM/PM  levels  respectively  equal  to  0.1  dB/dB 
and  3.5  deg/dB. 

The  down-converted  pulse  directly  at  5  MHz  is  fed  into 
compression  unit  where  it  is  digitized  with  a  high  accuracy 
analog  to  digital  converter,  demodulated  in  I  and  Q  all 
digitally,  filtered  for  noise  reduction  and  decimated  to  an 
appropriate  sampling  frequency. 

At  this  point  samples  are  either  transmitted  to  the  Test  Bed 
for  replica  computation  or  compressed  in  real  time  by 
frequency  domain  multiplication  with  spectral  replica,  using 
2048-point  FFT/inverse  FFT  functions. 

The  compressed  data  are  then  acquired  by  the  Test  Bed  for 
averaging  and  computation  of  the  range  resolution  and  side- 
lobe  level. 


Figure  1 :  Pulse  waveform 
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Figure  2 :  Breadboard  architecture 
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4  RRF.AnROARD  PERFORMANCES 


5.  CQNCmSIQH 


The  following  table  2  summarizes  a  set  of  typical  achieved 
SLL  performances  as  a  result  of  severe  applied  distortions.  In 
order  to  demonstrate  the  efficiency  of  the  implemented 
compression  procedure,  two  replicas  are  considered  .  a  fixed 
replica  defined  as  a  Taylor  weighted  chirp  with  an  opposite 
slope  and  an  optimized  replica  computed  by  the  Test  Bed 
from  the  distorted  calibration  pulse.  Given  values  correspond 
to  a  peak  value  of  sidelobe  and  not  to  a  SLL  mean  value 
which  is  more  restricting  [3]. 


APPLIED  DISTORTION 

SLL  with 
fixed 
replica 

SLL  with 
optimized 
replica 

None 

-  58  dBc 

-  67  dBc 

Amplitude  ripple : 

*  0.4  dB  pp  /  6  periods 

*  2  dB  pp  / 10  periods 

-  38  dBc 

-  24  dBc 

-  67  dBc 

-  65  dBc 

Phase  ripple : 

*  28  deg  pp  over  7  periods 

*  45  deg  pp  over  4  periods 

-  18  dBc 

>  15  dBc 

-  63  dBc 

-66  dBc 

Non  linear  distortion  :AM/AM  :  0.1  dB/dB 

&  AM/PM  ;  3.5  deg/dB 

-  39  dBc 

-  63  dBc 

Table  2  -.Measured SLL  with  different  applied  errors 


The  degradation  of  the  range  resolution  is  very  weak,  lower 
than  15  %.  In  addition,  it  can  be  noticed  that  the  optimization 
of  the  replica  is  still  effective  when  the  calibration  pulse  is 
located  at  a  different  position  within  the  acquisition  window, 
than  the  pulse  to  be  compressed. 

As  an  example,  compressed  pulse  responses  in  presence  of 
2  dB  peak  to  peak  amplitude  ripple  over  10  periods  are 
plotted  in  figure  3  with  fixed  replica  (left)  and  optimized 
replica  (right). 


This  breadboard  shows  that  a  -60  dB  SLL  of  the  compressed 
pulse  can  be  met  with  a  large  margin  despite  very  pessimistic 
applied  errors.  A  lower  SLL  could  probably  be  reached  with 
the  proposed  procedure  but  improvements  must  be  performed 
mainly  in  terms  of  ADC  number  of  bits,  local  oscillator 
stability  and  computation  noise. 

In  addition,  it  would  be  interesting  to  determine  the  impacts 
of  the  uncalibrated  paths  in  a  realistic  spacebome  radar  chain 
as  well  as  the  different  phenomena  which  are  not  taken  into 
account  in  the  existing  breadboard. 

Such  improvement  analysis  as  well  as  the  study  of  the 
integration  of  the  generation/compression  boards  are  the 
objectives  of  a  study,  founded  by  ESA  and  presently  in 
progress. 
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Figure  3:  Example  of  breadboard  measurement  with  fixed  (left)  and  optimized  (right)  replicas 
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Abstract  -  Corner  reflector  targets  have  been  used  to 
calibrate  ERS-1  and  ERS-2’s  SAR  antenna.  The  analysis 
method  permits  resolution  of  the  sources  of  variation  in 
reflector  backscatter  into  components  by  considering  the 
different  dimensions  in  the  data.  This  results  in  the  antenna 
gain  pattern;  temporal  calibration  constant  series;  calibration 
target  differences;  and  a  pure  error  term.  The  pure  error  term 
may  be  further  reduced  into  fluctuations  from  targets,  clutter 
effects,  and  spatial  variations. 

The  regressional  model  adopted  allows  the  calculation  of  a 
standard  deviation  in  the  antenna  gain  pattern.  This  was 
found  to  be  of  the  order  of  O.ldB.  t-  and  2^-statistics  have 
been  devised  to  compare  the  antetma  gain  pattern  with 
ESA’s  pattern  derived  from  homogeneous  distributed 
targets. 

Analysis  during  ERS-l’s  geodetic  phase  implied  that  there 
were  significant  differences  between  day  time  and  night  time 
antenna  gain  patterns.  A  rms  difference  of  0.1 7dB  was 
found.  This  result  has  not  been  confirmed  during  ERS-2’s 
commissioning  phase  and  a  possible  explanation  has  been 
developed. 


INTRODUCTION 

SAR  systems  have  found  many  applications  from  crop 
monitoring  to  digital  elevation  models.  These  all  require 
calibrated  images  and  an  understanding  of  the  sources  of 
SAR  system  variation. 

ESA’s  approach  to  image  calibration  for  its  ERS  satellites  is 
twofold:  distributed  homogeneous  targets  (Amazon 
rainforest)  for  the  antenna  gain  calibration;  and  transponders 
(Flevoland)  for  absolute  calibration  [1].  Here  we  describe  a 
method  using  a  set  of  point  targets.  This  allows  both  antenna 
gain  and  absolute  calibration,  and,  with  a  dataset  from  a  few 
months,  gives  values  for  the  system’s  stability  within  an 
image  and  over  time. 


METHOD 

Eleven  2.57m  trihedral  corner  reflectors  [2],  spaced  evenly 
across  the  swath,  were  used  to  calibrate  the  ERS-1  and  ERS- 
2  SARs.  Data  were  taken  from  21  passes  of  ERS-l’s  geodetic 
phase  and  19  passes  of  ERS-2’s  commissioning  phase.  The 
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commissioning  phase  dataset  was  reduced  to  12  passes 
because  the  amplifier  gain  was  changed  on  13  July  1995. 

The  raw  SAR  data  were  processed  using  DRA 
Famborough’s  Low-Cost  SAR  Processor.  The  standard  ESA 
PRI  (3 -look)  specification  was  used  but  the  images  were  not 
calibrated  for  antenna  gain  pattern.  The  integrated  target 
power  (ITP)  [3]  was  evaluated  for  each  target  using  an 
integration  area  of  9x9  pixels.  A  background  clutter 
correction  was  made  from  neighbouring  pixels.  A  correction 
for  the  effect  of  ADC  saturation  [4]  was  made  [5].  Data  with 
ADC  saturation  corrections  greater  than  0.5dB  were 
discarded. 

The  corrected  ITP  measurements  (in  dB),  y^,  may  be  written 
as  a  function  of  look  angle,  Xy,  reflector  cross  section,  /^,  and 
a  pure  error  term,  £•/,, 

yiJ  =  Pn{xii)  +  +  (1) 

where  the  suffixes  i  and  j  denote  pass  number  and  reflector 
number  respectively  and  P„{Xij)  is  an  order  polynomial 
(Taylor  series  expansion).  A  linear  regression  for  the 
polynomial  coefficients  of  P„(Xy)  is  used  with  the  added 
constraint, 

(2) 

j  rij 

whe^A7y  is  the  number  of  measurements  of  the  reflector 
and  is  the  known  mean  reflector  signature. 

The  radar  cross  sections  are  included  in  the  regression.  This 
removes  1  degree  of  freedom  for  each  cross  section  from  the 
dataset.  The  total  variance  is 

^ total  ~  ^ ij  ’ 

cir  ij 

where  df  is  the  number  of  degrees  of  freedom. 

This  may  be  broken  down  into  components  from  target 
variation,  clutter,  temporal  variation  and  spatial  variation. 
Target  variation  is  estimated  from  simultaneous 
measurements  of  pairs  of  targets  at  the  same  site.  The 
uncertainty  in  the  clutter  correction  is  found  from  the 
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background  clutter  measurements.  The  rest  of  the  total 
variance  must  be  from  the  SAR  system.  This  is  divided  into 
temporal  and  spatial  components. 

Diagonalising  the  variance-covariance  matrix  of  the 
regression  [6]  transforms  the  Taylor  series  into  an  expansion 
in  orthogonal  polynomials.  The  diagonal  elements  of  the 
resulting  matrix  are  the  variances  of  the  transformed 
polynomial  coefficients.  This  leads  to  an  error  on  the 
polynomial  and  permits  a  confidence  test  of  a  second 
polynomial  (ESA’s  calibration  curve  [1])  using  the  t-  and 
statistics.  The  following  hypotheses  may  be  tested: 

Ho:  Polynomial  A  is  the  same  as  polynomial  B  to  within 
experimental  error. 

Hi :  Polynomial  A  is  significantly  different  from  polynomial 
B. 


RESULTS 

Table  1  shows  the  values  of  the  sources  of  error.  Each 
category  was  calculated  for  each  dataset.  Spatial  and 
temporal  categories  are  dependent  on  the  SAR  system;  target 
and  clutter  categories  are  not.  This  assertion  is  supported 
since  spatial  and  temporal  categories  were  different  for  each 
sensor  but  target  and  clutter  variations  showed  little  change. 
Figure  1  is  the  antenna  gain  pattern  for  ERS-2  (solid  line). 
The  points  are  data  values  and  the  dotted  line  is  ESA’s 
calibration  curve  for  ERS-2.  The  antenna  gain  pattern’s 
standard  error  is  shown  in  Figure  2.  Over  most  of  the  swath, 
the  error  is  less  than  0.07dB. 

Table  2  shows  the  confidence  tests.  The  statistics’  values  at 
the  95%  confidence  level  are  also  shown.  Two  of  the  results 
show  significance  at  the  95%  level;  the  rest  all  support  the 
null  hypothesis. 

The  two  significant  results  are  for  the  ascending  dataset  for 
each  sensor.  For  ERS-1  the  result  is  extremely  significant. 
This  implies  the  antenna  gain  pattern  cycles  daily.  This  is 
not  believed  to  be  true.  An  explanation  is  developed  in  the 
discussion. 


Table  1:  Sources  of  error 


ERS-1 

ERS-2 

Period 

1/5/94  - 13/2/95 

19/7/95  -  27/9/95 

Data 

131 

85 

Target/dB 

0.17 

0.17 

Clutter/dB 

0.05 

0.04 

Temporal/dB 

0.07 

0.15 

Spatial/dB 

0.10 

0.24 

Total/dB 

6.21 

6.33 

Figure  1:  ERS-2’s  antenna  gain  pattern 


Figure  2:  ERS-2 ’s  antenna  gain  pattern  standard  error 
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Table  2:  Confidence  tests  applied  to  ESA’s  calibration  curve 


data 

t 

chi-squared 

ERS-1 

95%  level 

- 

2.45 

1407 

all 

131 

-0.71 

7.^ 

ascending 

62 

0.04 

23.69 

descending 

69 

-0.56 

7.76 

ERS-2  ‘ 

95%  level 

- 

2’78 

11.10 

all 

85 

-1.23 

6.54 

ascending 

33 

-1.79 

11.63 

descending 

52 

0.15 

4.90 

DISCUSSION 

This  analysis  reveals  the  sources  of  error  from  a  SAR  image 
measurement.  They  are: 

-  target  related  variations; 

-  system  related  errors. 

The  system  related  errors  may  be  divided  into  spatial  and 
temporal  components.  These  components  may  be  used  to 
decide  which  errors  are  present  in  any  set  of  measurements. 
For  example,  a  pair  of  measurements  which  are  close  in  the 
same  image  will  not  be  subject  to  the  same  errors  that  a  pair 
from  different  images  are.  A  pair  separated  in  the  same 
image  will  suffer  from  a  different  level  of  error. 

How  to  interpret  the  word  ‘close’  in  the  above  is  not  clear. 
Two  measurements  from  the  same  field  (100m)  are  ‘close’ 
(this  was  presumed  when  calculating  the  target  fluctuations) 
but  two  measurements  from  neighbouring  calibration  sites 
(10km)  are  not. 

The  results  of  the  confidence  tests  need  some  attention.  Most 
of  the  results  are  not  significant.  This  means  that  our 
antenna  gain  pattern  is  in  agreement  with  ESA’s  calibration 
curve.  There  are  two  results  which  are  significant.  The 
ascending  pattern  for  ERS-1  shows  extreme  significance  for 
the  ;i^-test.  A  possible  explanation  has  been  developed.  It 
was  discovered  that  the  ascending  azimuthal  alignment  of  a 
few  of  the  reflectors  was  in  error  by  a  few  degrees.  This  leads 
to  a  minor  attenuation  but  also  to  a  systematic  variation  of 
cross  section  as  a  function  of  azimuth.  Since  it  is  known  that 
the  azimuthal  angle  subtended  is  a  monotonic  function  of 


look  angle  this  will  lead  to  a  slight  systematic  ramping  of  the 
antenna  gain  pattern.  A  significance  test  might  detect  this. 
Between  the  ERS-1  and  ERS-2  datasets,  the  alignment 
method  was  modified  so  that  it  is  to  better  than  1°  in 
azimuth. 

The  second  significant  result  is  for  ERS-2 ’s  ascending 
dataset.  Misalignment  may  be  ruled  out.  It  is  more  likely  that 
the  dataset  is  too  small  for  this  kind  of  analysis.  To  apply  the 
the  variance  of  the  dataset  must  be  known  accurately. 
There  are  33  samples,  and  15  degrees  of  freedom  are 
removed  by  the  analysis  (11  reflector  cross  sections,  5 
polynomial  coefficients  and  one  constraint).  So  18  degrees  of 
freedom  remain.  Inaccurate  knowledge  of  the  variance  leads 
to  an  uncertainty  in  the  ;if^-statistic. 
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Abstract— We  measured  the  vertical  pattern  of  the  Shuttle 
Imaging  Radar  C  (SIR-C)  antenna  using  images  of  the 
Amazon  rain  forest,  the  largest  flat  and  homogeneous  forest 
in  the  world.  Its  scattering  coefficient  is  nearly  independent 
of  the  incidence  angle  [1,2].  The  images  produced  by  JPL 
use  the  standard  SIR-C  CEOS  format.  We  must  use  images 
without  radiometric  correction  to  get  the  antenna  pattern,  as 
the  radiometric  correction  depends  on  preflight  patterns.  We 
can  only  give  a  small  sample  of  the  patterns  for  the  SIR-C 
antenna  in  this  paper,  as  the  number  of  Amazon  passes  was 
limited,  and  only  a  few  of  the  many  modes  were  available. 
For  both  L  band  and  C  band  all  possible  linear  polarizations 
could  be  used.  In  addition,  electronic  beam  steering  up  to 
±20®  from  the  boresight  direction  [3]  could  modify  the 
patterns.  Also  nine  "beam  spoiling"  modes  could  change  the 
patterns.  We  previously  reported  on  the  SIR-B  [4]  and  X- 
SAR  patterns  [5]  obtained  by  the  same  method. 

If  all  modes  had  been  tested  over  the  Amazon  or  some  other 
suitable  homogenous  area,  we  would  have  been  able  to  give 
details  of  all  patterns.  Unfortunately  the  number  of  passes 
over  suitable  areas  was  very  limited,  so  we  can  only  report  on 
those  passes. 

IMAGE  SELECTION 

Regions  with  homogeneous  scattering  coefficient  can  be 
used  to  extract  the  vertical  antenna  pattern  of  the  antenna. 
Patterns  presented  here  are  from  images  collected  during  the 
first  SIR-C/X-SAR  mission  in  April,  1994,  from  passes  39.60, 
55.62,  78.60  and  103.60.  We  removed  segments  showing 
evidence  of  hills  or  extensive  water  areas  before  processing 
for  the  antenna  pattern.  Table  1  summarizes  the  image  data 
used. 


Table  1 .  Summary  of  Image  Data  Used 


Product 

ID 

Data 

Take 

ID 

Site 

Name 

Latitude 

Longitude 

Inc. 

Ang. 

Beam 

Spoiling 

Mode 

Beam 

Steering 

Angle 

11.389 

39.6 

Amazon  C. 

S0“-32* 

W7(r-12' 

44.0* 

0 

2.2" 

11.390 

39.6 

Amazon  C. 

S2“-40’ 

W  68“-24’ 

44.0“ 

0 

2.1" 

11.342 

55.62 

Amazon 

Cal. 

N0*-4r 

W69“-19* 

26.3“ 

0 

14.7" 

12,347 

78.6 

Amazon 
Cal.  1 

S8“-10‘ 

W  62’-26’ 

29.8" 

6 

11.3" 

12,348 

78.6 

Amazon  1 
Cal. 

S  T’2T 

W61“.58’ 

29.8" 

6 

11.3" 

12,092 

103.6 

1 

Sena 

Madureira 

S  2r.20' 

W  60M8' 

48.7" 

0 

6.4" 

12,093 

103.6 

Sena 

S2r-20* 

W60“-48‘ 

48.7" 

0 

6.4" 

Latitude,  longitude  and  incidence  angle  are  defined 
at  the  center  of  the  image. 


METHODOLOGY 

We  first  averaged  in  both  along-  and  across-flight  directions 
by  using  a  suitable  window  to  reduce  the  effect  of  fading. 
Then  we  applied  the  preflight  correction  before  making  a 
histogram  of  the  pixel  values  of  the  images  to  determine 
outliers.  The  outliers  are  either  very  weak  (water)  or  very 
strong  (some  man-made  objects)  and  thus  should  not  be  used. 
We  define  an  outlier  as  a  signal  level  outside  a  region 
bounded  by  the  1%  levels  on  the  main  peak  of  the  probability 
density  function  (27  dB  in  Fig.  2).  Only  homogeneous 
sections  are  used  in  the  later  averaging  process.  The  next  step 
is  to  undo  the  radiometric  correction.  This  was  easy  because 
the  radiometric  corrections  are  provided  in  a  table  in  the 
header  of  the  image  tape.  Finally,  we  averaged  the  return 
powers  along  the  flight  lines  (excluding  outliers).  Each  line 
of  the  output  image  then  becomes  a  single  value  correspond¬ 
ing  to  a  particular  range. 

The  radar  equation  may  be  simplified  to 

p  KG^a°  (1) 

R^smQ 

where 

G  =  Antenna  Gain 

=  Scattering  Coefficient 

R  =  Slant  Range 

0  =  Angle  of  Incidence 

=  Return  Power  from  the  Target. 

K  is  a  constant  containing  all  other  factors  that  do  not  vary 
for  the  system.  We  may  solve  this  equation  for  G  to  obtain 
the  pattern  from  the  measured  power. 

Shimada  and  Freeman  [6]  suggested  that  additive  noise 
should  be  included  in  the  radar  equation  (which  tends  to 
narrow  the  retrieved  beamwidth).  However,  the  high  SNR  of 
the  images  we  used  (over  20  dB  in  most  cases)  made  this 
unnecessary.  Since  the  scattering  coefficient  does  not  vary 
significantly  with  angle  over  the  rain  forest,  the  only  variables 
we  need  consider  are  R,  0,  and  P^.  Using  this  concept,  we 
obtain  an  antenna-gain  pattern  for  each  image.  Finally,  we  fit 
a  smooth  function  [i.e.,  cos^(Cl)  where  b  and  c  are  fitting 
parameters]  to  the  resulting  relative  vertical  antenna  pattern 
G(l).  From  that  function,  we  are  able  to  calculate  the  6-dB 
elevation  beamwidth  of  the  antenna. 

RESULTS 

Figure  1  shows  the  histogram  of  the  pixel  power  return  of 
image  78.60  after  averaging  to  get  a  square  pixel  of  about  200 
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X  200  m.  The  outlier  returns  caused  by  the  river  and  possible 
man-made  objects  show  clearly  on  the  histogram.  We 
discarded  these  portions  of  the  image  in  obtaining  the  pattern. 
Histograms  for  other  images  are  similar  to  the  one  shown. 


Fig.  1.  The  histogram  of  the  images  after  being  averaged  by 
using  16  X  16  (200-  x  200-m)  windows.  From  the 
histogram,  we  can  clearly  see  the  outliers  and  thus  are 
able  to  determine  the  upper  and  lower  boundaries  for 
the  outlier  returns. 

We  used  this  technique  to  obtain  the  vertical  antenna 
patterns  for  four  scenes  from  the  Amazon  forest  and  then 
smoothed  the  patterns  by  fitting  models  to  them.  Three 
models  tested  are: 

A)  G((t))  =  d  cos^(c((|)-a)) 

B)  G((|))  =  b  +  c((|)-a)2  and 

C)  G(^)  =  b  +  c(<l)-a)2  +  d(^-a)^ 

Model  C  was  used  by  [6].  We  used  a  least-squares  method 
to  fit  these  functions  to  the  measured  pattern.  For  pass 
103.60,  product  12093,  the  results  appear  in  Fig.  2.  Model  B 
(quadratic  function)  is  too  inflexible  to  cover  all  of  the  pattern 
shapes.  Model  C  (quartic  without  the  odd  terms)  fits  reason¬ 
ably  well  within  the  data  region,  but  is  unrealistic  beyond  the 
data  points.  Various  experiments  show  that  model  A  can  fit 
most  of  the  antenna  patterns  we  encountered  and  works  well 
both  inside  and  outside  the  data  region.  Table  2  shows  the 
fits  and  rms  deviations  for  the  three  models. 

Table  2.  Fitting  Results  for  Product  12903 


Antenna  Pattern  Model 

Beam  width 
(degrees) 

Error  RMS  Deviation 

vertical  (dB) 

horizontal  (deg) 

dcos‘’(c{*a)) 

3*dB  down 

3.42 

0.01 

0.0 1 

6-dB  down 

4.85 

0.01 

0.02 

b  +  c(-a)* 

3-dB  down 

4.44 

0.91 

0.46 

6-dB  down 

5.26 

0.84 

0.39 

1  b  +  c(-a)^  +  d(-a)* 

3-dB  down 

3.57 

0.06 

0.03 

6-dB  down 

'  4.79 

0.05 

0.04 

One-Way  Elevation  Pattern  for  SIR-C  Antenna 


Fig.  2.  Resulting  patterns  for  prod.  12093  by  using  3  differ¬ 
ent  fitting  models.  Tlie  fitting  models  used  are  (a) 
cosine  function,  (b)  quadratic  function  and  (c)  quartic 
function. 
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One-Way  Eltvadon  Pancra  for  SIR-C  Anicnna 


1 1 - 1 - 1 - 1 - r - 1 - 1 - 1 - J - »■ 


.,1 - ^ - 1 - i - ^ - . - . - . - ^ - > - 1 

-3  -4  >3  -2  -I  0  I  2  3  4  5 

Angle  From  the  Center  of  the  Beam  (degrees) 


Fig.  3.  Example  of  the  composite  plots  for  two-way  relative  elevation 
antenna  patterns  extracted  from  SIR-C  images,  no  beam  spoiling. 

The  overall  results  are  shown  in  Fig.  3  for  Data  Take  39.60,  L 
band,  Product  11390.  In  this  case,  our  pattern  and  the  preflight 
pattern  agree  reasonably  well.  Fig.  4  shows  a  case  where  beam 
spoiling  Mode  6  was  used  (Pass  78.60,  Product  12348).  In  this  case 
the  results  differ  significantly  between  the  measured  pattern  from  the 
Amazon,  the  preflight  JPL  pattern,  and  the  beamwidth  shown  on  the 
header.  Overall  results  for  all  passes  used  are  summarized  in  Table 
3.  Without  beam  spoiling  our  pattern  and  the  JPL  preflight  pattern 
(extracted  from  the  radiometric  correction  table)  agree  reasonably 
well.  However  the  difference  is  large  for  the  beam-spoiling  modes, 
such  as  mode  6  (in  some  cases  it  can  be  as  big  as  1  dB  beyond  3° 
from  the  center  of  the  beam).  This  result  confirms  that  the  radiomet¬ 
ric  calibration  provided  with  the  images  can  give  a  relatively  large 
error  when  the  6-dB  beamwidth  exceeds  17°  [7].  Moreover,  the 
beamwidths  given  in  the  tape  header  are  often  significantly  different¬ 
ly  than  the  beamwidths  extracted  from  the  radiometric  correction 
table. 

CONCLUSION 

The  in-flight  vertical  pattern  of  the  SIR-C  antenna  agreed  well 
with  the  preflight  pattern  used  for  radiometric  correction  for  most  of 
the  cases  studied.  However,  for  Pass  78.60  where  beam  spoiling  was 
used,  our  best  fit  is  much  narrower  than  that  given  by  the  radiomet¬ 
ric  correction,  and  much  wider  than  that  listed  in  the  tape  header. 
This  case  contains  only  a  small  pattern  segment,  which  may 
contribute  to  this  discrepancy. 

We  believe  the  beam  patterns  determined  by  this  method  should 
be  used  in  subsequent  data  analysis.  They  should  represent  the  true 
in-flight  pattern  better  than  any  ground  measurements.  Unfortunate¬ 
ly,  the  improved  patterns  are  only  available  for  a  small  fraction  of 
the  total  complex  of  SIR-C  patterns.  Users  who  need  good  radio- 
metric  data  for  their  applications  should  consider  using  only  passes 
without  beam  spoiling.  If  radiometric  accuracy  is  not  important  for 
an  application,  beam-spoiled  images  may  be  adequate. 
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One-Way  Elevation  Pattern  for  SIR-C  Antenna 


Fig.  4.  Example  of  the  composite  plots  for  2-way  relative  elevation 
antenna  patterns  extracted  from  SIR-C  image,  Mode  6  beam 
spoiling. 


Table  3.  Summary  of  Results^  All  the  results  are  obtained  by  using 
cosine  fit;  ^  Incident  angle  are  defined  at  the  center  of  the  image;  ^  The 
data  in  the  radiometric  correction  table  was  extended  by  using  cosine  fit.] 


Prod. 

ID 

Data 

Take 

ID 

Beam 

Spoil. 

Mode 

Beam 

Steer. 

Angle 

Inc.* 

Angle 

Freq. 

Pol. 

Our  6-dB 

BeamWidth 

JPL  6-dB  * 

Beamwidth 

(Rad.  Corr.) 

11389 

39.60 

0 

2.2" 

44.0" 

LVV 

6.77" 

7.30" 

LHH 

6.76" 

7.16" 

11390 

39.60 
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Abstract  --  Imaging  radiometer  sampling  and  integration 
period  determination  studies  are  contributed  to  by  a) 
performing  an  empirical  study  of  the  sampling  rate’s 
effect  on  the  spatial  resolution  of  the  resulting  image,  b) 
analyzing  the  effect  of  supplementing  thermal  noise  on  a 
numerical  model  expressing  the  influence  of  sampling  and 
integration  periods  on  the  achievable  spatial  resolution, 
and  c)  discussing  the  optimal  values  for  the  sampling  and 
integration  periods  on  the  basis  of  a  scan  simulation  study. 

INTRODUCTION 

This  paper  supplements  the  scan  simulation  based  study 
on  the  optimal  sampling  and  integration  period  of  a 
conically  scanned  imaging  radiometer  [1]  by  introducing 
the  results  of  three  new  investigations: 

1.  An  empirical  study  of  the  sampling  rate’s  effect  on  the 
spatial  resolution  of  the  resulting  image. 

2.  The  1-dimensional  numerical  model  that  expresses  the 
influence  of  sampling  and  integration  periods  on  the 
achievable  spatial  resolution  [1],  has  been  supplemented 
with  thermal  noise. 

3.  The  general  case  featuring  decoupled  integration  time 
and  sampling  period,  has  been  further  studied,  raising 
some  new  aspects  on  the  optimal  relation  of  the  dwell 
time,  integration  time  and  sampling  rate. 

These  items  are  discussed  in  Sections  1-3,  respectively. 

1.  THE  EMPIRICAL  STUDY 

The  motivation  of  the  study  was  to  verify  empirica,lly  the 
results  of  the  scan  simulation  [1],  according  to  which  the 
optimal  sampling  period  is  about  0.5  X dwell  time,  while 
[3]  states  the  correct  period  to  be  around  0.7  X  dwell  time. 
The  performance  of  the  different  periods  is  compared 
by  measuring  a  target  with  the  AIR-93  instrument  [2], 
varying  the  sampling  period  lengths,  and  comparing  the 
contrasts  (separabilities)  of  the  resulting  images.  As  in  [3] 
and  the  corresponding  section  of  [1],  the  integration  time 
of  AIR-93  is  equal  to  the  sampling  period.  The  target  was 
chosen  to  be  an  island  group,  whose  shape  is  as  close  to 
that  of  a  test  image  three-bar  group  as  possible. 

The  test  flights  were  executed  on  May  9th  1995  at  an 
altitude  of  1000  m  over  Niittysaaret  islands  off  Helsinki 


(Fig.l),  resulting  in  a  footprint  size  of  43x68  m.  Figs. 
2  a-c  depict  the  resulting  images  employing  along-  and 
across-scan  sampling  periods  of  1.0,  0.71  and  0.5  xdwell 
time,  respectively  {Ki0=K,y='i.O,  0.71  and  0.5  [4]). 


Fig.2a  H  (middle)  and  V  (right)  polarization  images 
and  data  section  A-A  (left),  Kifi=Ksy—^-^- 


Fig.2b  Kip=Ksy=0.^1. 


Fig.2c  Kip=K>y=0.5. 

Defining  the  contrast  c  as  the  ratio  of  the  mean  sepa¬ 
ration  of  the  middle  island  and  the  straits,  and  the  mean 
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separation  of  the  open  sea  and  outermost  islands  yields 
cjj=32%  for  the  H-channel  and  cv=21%  for  the  V-channel 
in  the  Ki^=Ksy=1.0  case.  In  the  Ki^=::Ksy=^0.71  case, 
the  contrasts  become  cjy=43%  and  cv=S7%^  and  in  the 
Kip=Ksy=0.5  case,  ch=66%  and  cy~51%.  Hence,  the 
separability  of  Ki^=Ksy=0.71  case  is  on  average  34%  bet¬ 
ter  than  that  of  Ki^=Ksy=l,0  case,  but  46  %  worse  than 
that  of  Kip=Kgy=0,b  case.  Therefore,  the  denser  sampling 
is  worth  employing,  whenever  technically  possible. 


As  both  [1]  and  [5]  assume  the  same  results  to  apply 
also  in  the  non- continuously  scanned  along-track  (across 
scan)  direction,  this  was  also  empirically  verified  on  May 
25th.  Fig.3  depicts  the  ”two-bar”  island  target  used  for 
the  across-scan  verification,  and  Figs.  4a-c  present  the 
results. 


Fig.3  Varisluoto  and  Pitkaluoto  islands  test  target 
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Now  the  contrasts  (mean  separation  of  the  strait  com¬ 
pared  to  mean  separation  of  open  sea  and  the  islands) 
are  ch=20%  and  cv=:7%  in  the  Ki^:=zKsy =0.71  case,  and 
cjy=26%  and  cv^i=10%  in  the  Ki^—Ksy=0.b  case,  while  the 
Ki^=Ksy=1.0  case  failed  to  be  resolved.  The  separability 
of  Ki^=Ksy=0.b  case  is  on  average  37%  better  than  that 
of  Ki^=Ksy=0.71  case.  Hence,  the  assumption  is  verified 
to  be  a  correct  one. 

2.  SUPPLEMENTING  THERMAL  NOISE 

Reference  [1]  introduced  a  simulation  model  that  numeri¬ 
cally  computes  the  contrast  of  a  two  delta-function  target 
convolved  with  a  radiometer  antenna  power  pattern.  The 
result  plot  presented  contrast  contour  curves  as  a  function 
of  the  delta- functions’  separation  and  the  sampling  (or  in¬ 
tegration)  period.  The  model  did  not  take  into  account 
the  radiometer’s  thermal  noise,  but  now,  white  noise  with 
a  RMS  amplitude  of  3%  of  the  Tb  dynamic  range  has  been 
incorporated.  Comparison  of  Figs.  6  a  and  b  ensures  that 
the  presence  of  noise  does  not  distort  the  results  in  any 
way,  excluding  the  slight  ripple. 


Fig.Sb  The  same  in  the  presence  of  noise. 
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3.  DECOUPLED  CASE  STUDIES 

A  sampling  rate  frequent  enough  to  prevent  aliasing 
{Ki^<0,b)  results  either  in  a  relatively  short  integration 
time  or  low  scan  and  platform  velocity.  Therefore,  in  some 
applications  it  is  useful  to  decouple  the  integration  period 
from  the  sampling  period  to  improve  sensitivity  or  scan  ve¬ 
locity.  As  the  decoupled  contour  plot  of  [1]  indicates,  the 
sampling  period  should  not  exceed  0. 5 x footprint  dimen¬ 
sions  to  prevent  aliasing,  but  the  integration  period  may 
be  somewhat  longer  at  a  moderate  cost  of  spatial  resolu¬ 
tion  reduction.  Fig.  6  presents  quantitave  information  on 
the  reduction,  computed  with  the  model  of  [1]  employing 
a  constant  sampling  rate  of  0.45xfootprint  dimensions  to 
prevent  aliasing. 


Fig*6  Contrast  contours  as  a  function  of 
target  separation  and  integration  period. 


Due  to  frequent  sampling,  there  are  no  signs  of  aliasing. 
The  contrast  curves  are  very  steep  at  integration  periods 
below  0.5 X footprint  width,  which  means  that  the  antenna 
motion  during  the  integration  period  may  be  extended  up 
to  0.5 X footprint  widths  with  hardly  any  reduction  in  the 
spatial  resolution,  as  stated  in  [l].  However,  the  plot  also 
indicates  that  the  integrator-smearing  driven  reduction 
is  not  dramatic:  for  example,  employing  20  %  contrast 


and  an  integration  period  equal  to  footprint  width  results 
in  a  spatial  resolution  reduction  of  0.3 x footprint  widths 
compared  to  an  almost  static  antenna. 

Fig.  7  presents  a  scan  simulation  comparison  of  a  case 
using  equal  integration  and  sampling  period  Ki^=Ks=0.b 
and  a  decoupled  case,  in  which  Both 

cases  employ  across-scan  (along  track)  sampling  period 
Ksy^O.b,  which  was  verified  to  prevent  aliasing  in  the 
across-scan  direction  in  Section  1.  Both  cases  have  equal 
10  ms  integration  time.  The  benefit  of  the  decoupled  case 
is  that  since  it  has  42  %  larger  antenna  motion  during 
the  integration  time,  the  platform  velocity  becomes  36  % 
higher  than  the  impractically  low  velocity  (63  km/h)  of  the 
coupled  case.  On  the  other  hand,  if  the  same  low  velocity 
were  accepted,  the  decoupled  case  could  have  42  %  longer 
integration  time,  thus  improving  the  sensitivity. 

As  Fig.  7  indicates,  the  x-resolution  of  the  decoupled 
case  is  slightly  less  than  on  the  coupled  case.  The  quantity 
of  the  reduction  is  compatible  with  the  data  of  Fig.  6. 
In  the  t/-direction,  no  visible  change  can  be  seen.  This 
was  expected,  since  the  antenna  motion  parameters  were 
changed  in  the  along-scan  direction  only,  and  the  scan 
curvature  is  relatively  small,  which  results  in  small  antenna 
motion  ^/-component  even  at  the  edges  of  the  image. 
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Abstract:  The  availability  of  SAR  images  gives 
us  the  possibility  to  map  world  regions  which  are 
not  easy  to  access,  or  which  are  generally  not  vis¬ 
ible  with  optical  systems.  It  is  the  case  of  the 
tropical  regions  which  frequently  have  an  impor¬ 
tant  cloudly  cover.  Elevation  maps,  more  or  less 
precise,  appear  more  and  more  important  for  envi¬ 
ronment  studies  and  remote  sensing  applications. 
Radarclinometry,  consisting  in  exploiting  relation 
between  the  SAR  measures  and  the  geometric  ori¬ 
entation  of  the  imaged  ground  pixel,  appears  as  an 
efficient  and  cheap  mean  to  draw  elevation  maps. 
We  propose  and  implement  an  integration  method 
of  radarclinometry,  taking  into  account  the  speci¬ 
ficity  of  ERS-1  images. 

1.  Introduction. 

The  radarclinometry,  called  shape  from  shading  in  the 
robot  vision  community,  consists  in  estimating  the  geo¬ 
metric  parameters  of  a  ground,  from  its  radiometry  and 
more  precisely  from  the  backscattered  intensity  coming 
from  a  piece  of  imaged  ground.  This  is  an  interesting  tech¬ 
nique  of  relief  restoring,  because  it  uses  one  single  image 
only.  Few  studies  on  the  radarclinometry  have  been  real¬ 
ized;  the  leading  founder  is  R.L.  Widley  who  was  the  first 
one  to  apply  photometric  theories,  primilary  developped 
for  optics  [1],  at  the  radar  system  [2].  At  the  first  sight, 
the  principle  appears  oversimple,  essentially  based  on  the 
analysis  of  the  backscattering  coefficient,  in  order  to  esti¬ 
mate  its  geometric  parameters.  This  backscattering  coeffi¬ 
cient  has  been  dealt  with  in  many  experimentations  [3],  so 
that  permits  to  establish  more  realist  theoretical  models 
of  the  intensity.  The  application  of  this  theoretical  study 
has  been  realized  for  the  topography  of  the  planet  Venus 
[4];  other  applications  on  earth  radar  images,  and  on  sim¬ 
ulated  radar  images  [5]  [6]  [7]  appear  more  convincing  for 
the  robustness  point  of  view;  yet,  few  applications  have 
been  accomplished.  So,  we  propose  here  to  describe  in 
detail  our  analysis  of  the  radarclinometry,  and  to  present 
some  tests  made  on  French  Guyana,  with  radar  images 
acquired  by  the  satellite  ERS-1. 


2.  Theoretical  Study. 

In  order  to  obtain  the  elevation  map  with  a  radar  im¬ 
age,  an  expression  of  the  backscattered  intensity  as  a  func¬ 
tion  of  the  geometric  parameters  of  the  imaged  ground  is 
needed.  The  inversion  of  this  expression  permits  us  to 
estimate  the  geometric  parameters,  such  as  the  slope,  at 
each  pixel,  yielding  the  possibility  to  obtain  the  altitude 
variation  in  each  pixel  and  the  altitude  by  integration. 
Without  taking  into  account  all  the  details  of  the  SAR 
system,  we  consider  the  SAR  image,  and  we  define  system 
parameters  and  ground  ones.  With  regard  to  the  radar 
system,  we  select  three  parameters  (Fig.l):  0,  the  angle 
of  incidence  of  the  electromagnetic  wave  emitted  by  the 
radar,  and  calculated  from  the  nadir,  and  Ra  respec¬ 
tively  the  distance  resolution  and  the  azimutal  resolution 
of  a  flat  ground  pixel.  Also,  for  simplification,  we  approx¬ 
imate  the  electromagnetic  waves  emitted  by  the  radar, 
as  plane  waves.  The  error  of  this  approximation  is  very 
small  (with  the  radar  ERS-1,  we  commit  an  error  of  about 
0.06mm  at  10m  from  the  tangential  point). 

With  regard  to  the  geometric  parameters  of  the  ground, 
we  must  define  the  notion  of  ” parcel”.  A  parcel  is  the  piece 
of  ground  which  is  intercepted  by  a  resolution  cell  of  the 
radar,  and  imaged  in  a  pixel.  This  parcel  is  considered  as 
a  plane  surface.  So,  its  area  A{9^a^j3)  (3)  is  the  one  of  a 
parallelogram;  from  (Fig. 2),  we  have  the  sides  T(5,  a)  (1) 
and  l{(d)  (2),  as  functions  of  the  two  Euler’s  angles  a  and 


Figure  1:  System  parameters. 
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Figure  2:  Geometric  parameters  of  a  parcel. 
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Using  the  assomption  of  a  Lambertian  ditfusion,  the 
backscattered  intensity  may  be  written: 


I{e,  a,  13)  =  KcroA(e,  a,  /3)  cos2(0  -  a)  cos^  /3,  (4) 

where  K  is  the  calibration  constant  of  the  radar,  to 
be  estimated.  Then,  the  radarclinometry  treats  equation 
(4),  in  order  to  estimate  the  height  map,  from  the  only 
knowledge  of  the  intensity  at  each  pixel. 

3.  Reconstruction  Method. 

After  obtaining  the  backscattered  intensity  expression, 
we  have  to  define  a  strategy  for  the  estimation  of  the 
height  at  each  pixel.  Two  steps  are  necessary  to  realize 
this  strategy,  the  first  one  for  the  inversion  of  expression 
(4),  and  the  second  one  for  the  reconstruction  of  the  ele¬ 
vation  map. 

3.1.  Initial  Reconstruction. 

In  order  to  solve  equation  (4),  we  have  to  make 
some  assumptions,  since  there  are  too  many  unknowns 
(if,  cro,a,/3)  for  each  pixel.  At  first,  we  assume  the  area 
homogeneous  enough  so  that  0*0  is  a  constant  for  a  large 
area.  This  is  indeed  a  realistic  assumption  on  the  Amazo¬ 
nian  forest  which  is  a  quite  regular  and  dense  cover.  Then, 
we  suppose  that  the  terrain  is  mostly  flat  and  without  no¬ 
ticeable  skewness.  Again  this  is  a  realistic  assumption  in 
the  area  of  interest  for  our  application.  From  these  two 
assumptions,  we  may  obtain  the  reflectance  of  flat  terrain 
from  the  mean  value  of  the  intensity. 

I  =  1^46)  =  KaoA{e)cosH  (5) 


Q(^,a,/3) 


I(^,a,/3) 

Ioo{e) 


Q{9,a,P) 


A{B,  a,/3)  cos^(g  -  a)  cos'^  ^ 
A[9)  cos^  d 


(6) 


(6)  is  still  depending  on  two  unknowns  and  cannot  be 
solved  exactly  in  a  and  /3  for  each  pixel.  We  will  proceed 
in  two  steps.  At  first,  we  neglect  angle  jS  (this  can  be 
justified  using  a  Taylor’s  expansion  of  (6)  in  a  and  /3). 
We  obtain  an  approximated  expression: 


Q(0,a,O) 


A{6,  g,  0)  cos^(^  -  a) 
A{B)  cos^  6 


(7) 


which  is  inverted  in  a,  and,  by  using  (1),  provides  the 
elevation  increment  bh  for  each  pixel,  when  scanning  the 
image  along  a  distance  line. 


8h{9,  a)  =  L{0,  a)  sin  a.  (8) 

The  result  of  this  first  step  is  presented  on  Fig.4.  We 
use  radar  image  acquired  by  the  satellite  ERS-1,  on  the 
French  Guyana  (Fig. 3).  This  result  is  most  certainly  con¬ 
vincing,  because  the  shape  of  the  relief  appears  clearly. 
But,  we  discover  here  a  drawback  in  this  elevation  map, 
as  it  exhibits  an  important  linage.  Two  phenomena  can  be 
the  cause  of  this  linage.  The  first  one  is  that  we  supposed 
that  angle  could  be  neglected  with  respect  to  angle  a. 
The  second  is  that  we  disregard  until  now,  that  the  radar 
image  presents  speckle.  Both  effects  clearly  contribute  to 
the  linage. 

3.2.  Use  of  the  relief  context. 

It  may  be  easily  verified  that  speckle  filtering  [8]  [9] 
doesn’t  contribute  efficiently  to  linage  removal.  We  have 
chosen  to  process  both  deffects  (approximation  by  /?  =  0 
and  speckle  noise)  by  a  contextual  relaxation  technique. 
It  is  realized  with  a  Markovian  restoration  using  simulated 
annealing.  Denoting  by  f(x)  the  intensity  of  a  pixel  x,  and 
by  its  elevation  at  the  iteration,  we  express 

contribution  of  this  pixel  to  the  energy  at  the  iteration: 


U^^\x)  =  +  1/  U^^\x).  (9) 

denotes  the  data  attachment  term  and  equals: 

U\^\x)  =  \I{x)  -  K(roA{e,a^,p^)cos^{0  -  a^)cosV*l^ 

where  and  /?*  are  the  k^^  estimates  of  a  and  /3. 
And,  is  the  contextual  term  which  will  constrain 

the  terrain  to  be  smooth  and  regular: 


Knowing  the  orbital  parameters,  we  can  deduce  the  an¬ 
gle  of  incidence  9  at  each  position  and  deduce  a  Q(0,a,/3) 
ratio  which  only  depends  on  two  unknowns: 


.Wit)  _  V 
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Figure  3:  ERS-1  image  of  the  French  Guyana  region. 


Figure  4:  Elevation  map  in  ground  range,  estimated  with 
th  e  im  age  (Fig.  2 ) . 

Xc  being  the  neighboors  of  x  in  8-connectivity. 

Then,  we  apply  this  markovian  strategy  on  the  radar 
image  (Fig. 3),  with  the  initial  image  of  label:  the  initial 
elevation  map  (Fig. 4).  The  obtained  result  (Fig.  5)  of  this 
strategy  is  satisfactory;  the  linage  in  the  elevation  map 
has  disappeared,  and  the  shape  of  the  relief  (Fig. 6)  has 
been  preserved. 

4.  Conclusion. 

The  results,  which  have  been  obtained  with  this  restitu¬ 
tion  technique  of  the  relief,  are  promising.  With  regard  to 
the  contour  map  extracted  from  a  digital  elevation  map, 
the  morphological  quality  of  the  relief  has  been  correctly 
restituted.  However,  the  principal  problems,  like  the  veg¬ 
etal  occupation  of  the  ground  and  the  local  character  of 
the  hypotheses  have  not  been  resolved.  Soon,  with  the 
use  of  RADARS  AT  images,  it  will  be  possible  to  define 
the  condition  on  the  optimum  angle  of  incidence  and,  so 
to  apply  the  radarclinometry  with  this  condition  for  a  bet¬ 
ter  restitution. 
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Abstract — Millimeter- wave  (MMW)  radars  and  radiome¬ 
ters  are  emerging  as  reliable  and  low-cost  systems  in 
numerous  commercial  and  military  applications.  MMW 
short-range  radar  systems  have  a  unique  advantage  are 
in  surface  navigation  applications,  such  as  military  vehicle 
mobility  in  inclement  conditions,  aircraft  landing  guidance 
and  automobile  collison  avoidance.  MMW  short-range  sys¬ 
tems  provide  acceptable  angular  resolutions,  but  are  su¬ 
perior  in  performance  compared  to  optical  systems  under 
conditions  of  rain,  fog,  or  smoke.  Their  small  size  makes 
them  particularly  advantageous  in  space-limited  systems. 
We  present  95  GHz  MMW  grazing  angle  clutter  data  ob¬ 
tained  from  distributed  surfaces.  Sigma-zero  values  at 
grazing  angles  of  5.0  and  7.5  degrees  were  obtained  from 
fresh  snow  and  asphalt  covered  distributed  surfaces.  The 
probability  distribution  of  the  received  clutter  power  is  also 
discussed.  A  brief  description  of  the  MMW  radar  system 
and  experimental  setup  is  also  included. 


Introduction 

The  development  of  millimeter- wave  (MMW)  radar  sys¬ 
tems  in  aircraft  landing  systems  has  advanced  rapidly  in 
the  last  5  years  [1].  MMW  radar  reflectance  data  and 
clutter  characteristics  from  common  distributed  surfaces, 
such  as  asphalt  and  snow,  are  relatively  unknown,  espe¬ 
cially  at  low  grazing  angles.  MMW  radar  grazing  angle 
clutter  characteristics  are  necessary  in  order  to  enhance 
detection  and  further  the  development  of  missile  guidance 
systems  and  in  automated  aircraft  landing  systems. 

The  University  of  Nebraska-Lincoln  (UNL)  has  devel¬ 
oped  a  continuous- wave  (CW)  95  GHz  MMW  radar  sys¬ 
tem.  The  radar  is  capable  of  measuring  HH,  HV,  VH  and 
VV  polarization  combinations.  The  experimental  setup 
allows  radar  clutter  measurements  at  grazing  angles  of 
5.0  °  and  7.5  °  .  Results  of  sigma-zero  vs.  grazing  angle 
are  presented  for  asphalt  and  snow  surfaces.  The  prob¬ 
ability  distribution  characteristics  of  the  received  clutter 
power  is  also  being  studied.  The  received  power  cumu¬ 
lative  distribution  function  (CDF)  is  computed  from  the 
sample  data  and  compared  to  the  exponential  CDF. 

Measurement  Setup 

Figure  1  is  a  block  diagram  of  the  radar  system.  The 
transmitter  and  receiver  are  housed  in  separate  enclo¬ 
sures.  The  CW  MMW  radar  is  operated  in  a  mono-static 
configuration.  Both  the  transmit  and  receive  antennas 
have  a  beam  width  of  1.7  °  .  The  95  GHz  transmitted  sig¬ 


nal  is  generated  by  a  Gunn  Oscillator.  The  transmitted 
power  is  limited  to  40  mW.  The  received  signal  is  down- 
converted  by  two  IF  stages  to  60  MHz.  The  receiver  has 
a  SSB  noise  figure  of  13  dB.  A  60  MHz  log-amp  converts 
the  received  power  to  an  output  voltage.  The  log-amp 
has  an  input  power  range  of  -80  to  0  dBm  and  a  10  MHz 
bandwidth. 


95  GHz  Radar  System 
Block  Diagram 


Fig.  1.  MMW  Radar  System  Block  Diagram 

The  measurement  setup  for  distributed  surface  clutter 
is  shown  in  Figure  2.  The  Tx  and  Rx  enclosures  are 
both  mounted  on  a  1.2-meter  diameter  turntable.  The 
turntable  is  spatially  scanned  over  the  distributed  surface 
at  a  constant  depression  angle,  0^.  The  received  voltage 
from  the  log-amp  is  sampled  and  stored  during  the  scan. 


MMW  Clutter  Measurement 
Experiment  Setup 


=  Depression  Angle 
(l)j.  =  Scan  Angle 


MMW  Radar  System 
Mounted  on  Turntable 


Distributed  S urface ' '  - 
Asphalt,  Snow  . 


Fig.  2.  MMW  Clutter  Measurement  -  Experiment  Setup 
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The  maximum  depression  angle,  Qdmax,  is  limited  by 
the  far-held  distance,  Rff  [2]. 

Qdmax  8.56  %Rff  =  10.22  m  (1) 

The  minimum  depression  angle,  Qdmin  is  limited  by  the 
transmitted  power,  Pt  and  the  noise  power,  Pn  [3]. 

Pt  -  40  mW,  Pn  -  -91.0  dBm  (2) 

Below  0rfmm?  the  received  clutter  power  is  not  above  the 
minimum  SNR  of  the  system. 

System  calibration  is  performed  by  measuring  the  radar 
reflectance  from  a  corner  reflector.  The  corner  reflector 
is  placed  at  a  distance  jRc,  and  the  received  voltage  is 
recorded.  A  14-cm  side  corner  reflector  (RCS  =  160  m^) 
is  used  for  the  calibration  measurement. 

Results 

Results  of  sigma-zero  vs.  grazing  angle,  for  fresh  snow 
and  asphalt,  are  presented  at  7.5  °  and  5.0  °  for  HH,  VV 
and  VH  polarizations.  By  reciprocity,  HV  and  VH  cross- 
sections  are  the  same.  Figure  3  shows  the  results  obtained 
from  new  snow  and  Figure  4  the  results  for  asphalt. 


Sigma-Zero,  New  Snow 


The  received  voltage  values  from  the  spatial  scan  are 
interpolated  to  yield  a  resulting  power  value.  The  sample 
mean  power  value  is  then  computed.  The  mean  value, 
PRa{av9)y  is  Computed  from  N  samples  of  Prq-  The  re¬ 
ceived  power,  Prq^  from  a  distributed  surface,  is  com¬ 
puted  from  the  mono-static  radar  range  equation  [3].  PRa 
is  given  in  Equation  3: 


^  PrG^X^a^Ae  , 
"  64  TT^  m 


sys 


(3) 


The  effective  antenna  aperture,  Ag,  is  given  by  Equa¬ 
tion  4:  ^  ^ 

®BW 


A.  - 


4  sin(0rf) 


(4) 


Sigma-Zero  vs.  Grazing  Angle  -  Asphalt 


Fig.  4.  Sigma- Zero  vs.  Grazing  Angle  -  Asphalt 


It  is  necessary  to  compute  the  co-polarized  (HH  and 
VV)  sigma-zero  values  by  measuring  the  received  power 
from  the  calibration  target.  All  parameters,  except  the 
total  system  gain,  Agys,  are  known  in  Equation  5: 


Prct 


Pt  A2  ae.  , 
64  7r3 


(5) 


The  system  loss  is  eliminated  by  dividing  Equation  5 
by  Equation  3.  Solving  for  sigma-zero,  the  result  is  given 
by  Equation  6: 


^cr  pRa{avg)  Ra 

Ae  Prcv  Rtr 


(6) 


The  corner  reflector  RCS  is  not  known  at  cross¬ 
polarizations,  therefore  the  sigma-zero  values  at  VH  pol 
must  be  computed  in  a  different  method.  The  VH  sigma- 
zero  value  is  computed  from  the  VH  mean  power  value 
and  the  co-polarized  sigma-zero  value  and  mean  power 
value  at  the  same  grazing  angle.  (Ty^  is  given  in  Equa¬ 
tion  7  as: 

o  ^VV,HH  ^Ra{avg)\vH  .  . 

ayfj  —  -  j 

^Ra{avg)\VV,HH 

The  probability  characteristics  of  the  received  power 
were  also  considered.  The  backscatter  cumulative  distri¬ 
bution  function  (CDF)  was  computed  from  the  sample 
data.  The  CDF  is  computed,  assuming  N  samples  of  re¬ 
ceived  power,  by  Equation  8  [4]: 


Xi  —  ,  with  Pavg 

^avg 


1  ^ 


i=l 


(8) 


The  resulting  normalized  power  CDF  is  best  approxi¬ 
mated  by  an  exponential  CDF,  F(x),  given  in  Equation  9. 

F[x)  =  1.0  —  exp(— a;/6),  with  b  =  1.0  {mean  est.)  (9) 
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Figure  5  compares  the  normalized  power  CDF  from 
new  snow  to  the  exponential  CDF.  The  HH  and  VV  nor¬ 
malized  power  CDF  characteristics  are  almost  identical, 
hence,  only  the  HH  and  VH  characteristics  plotted: 


New  Snow  -  Norm.  Power  CDF 


Fig.  5.  New  Snow  -  Normalized  Power  CDF  Characteristics 


The  normalized  power  CDF  from  asphalt  is  compared 
to  the  exponential  CDF  in  Figure  6,  again  only  the  HH 
and  VH  polarization  characteristics  are  considered: 


Asphalt  -  Norm.  Power  CDF 


Fig.  6.  Asphalt  -  Normalized  Power  CDF  Characteristics 


A  Goodness  of  Fit  test  compares  the  normalized  power 
CDF  to  the  exponential  CDF.  The  test  parameter  de¬ 
gree  of  freedom  i/  =  25,  is  listed  in  Table  I  for  asphalt  and 
new  snow  surfaces.  The  new  snow  and  asphalt  normalized 
power  data  fits  the  exponential  CDF  with  a  significance 
level  >  99.5%. 


TABLE  I 

Goodness  of  Fit  Test  -  New  Snow  and  Asphalt 


Pol. 

©d 

X^“New  Snow 

X^-Asphalt 

HH 

. 

5.0 

0.1168 

1.7115 

HH 

7.5 

0.0911 

0.6007 

VV 

5.0 

0.1185 

1.5995 

VV 

7.5 

0.2284 

0.5848 

HV 

5.0 

1.1325 

3.2342 

HV 

7.5 

0.4079 

1.1283 

Conclusions 

Grazing  angle  radar  clutter  data,  at  0^  =  5.0  °  and 
7.5  °  is  presented  for  the  asphalt  and  fresh  snow  surfaces. 
The  resulting  sigma-zero  values  are  substantially  lower 
(by  ^  10  dB)  than  simulated  results  using  a  typical  clut¬ 
ter  model  [5].  Grazing  angle  data  were  obtained  at  only 
two  angles  because  of  the  far-held  limitations  and  the  low 
transmitted  power  level.  The  received  backscatter  power, 
especially  for  the  cross-polarized  case,  was  not  measurable 
at  grazing  angles  less  than  5  degrees  for  both  distributed 
surfaces.  No  attempt  is  made  to  curve  ht  the  sigma-zero 
vs.  grazing  angle  data  because  only  two  angles  were  mea¬ 
sured.  Work  is  continuing  at  UNL  to  characterize  grazing 
angle  clutter  from  other  distributed  surfaces.  Other  dis¬ 
tributed  targets  of  interest  include  concrete,  gravel,  and 
grass  covered  surfaces. 
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Abstract  -  The  design  process  of  return  signal  simulator 
(RSS)  for  radar  altimeters  is  discussed.  After  analysis  of 
the  wavrfbrm  of  ocean  return  signal  and  comparison  of 
existing  RSS  design  sdiemes,  a  novd  design  scheme  is 
proposed.  The  new  RSS  design  has  the  advantages  of  not 
only  low  cost  and  compact  in  dimension,  but  also  the 
ability  of  adjusting  the  slope  of  the  leading  edge  and  the 
peak  value  of  the  waveform. 

I.  INTRODUCTION 

Radar  altimeter  plays  an  important  role  in  the  ocean 
observation  from  space.  In  order  to  test  and  calibrate  the 
sensor  before  and  after  the  launch,  a  dedicated  instrument 
called  return  signal  simulator  (RSS)  is  very  much  needed. 
A  complete  RSS  should  provide  the  possibilities  to 
simulate  differait  platform  altitude,  wave  height  and  ocean 
back  scattering  coefficients.  From  the  literature,  \diat  we 
found  is  usually  very  coitplicated  design  such  that  it  could 
be  considered  as  an  independent  radar  altimeter. 

RSS  should  have  the  ability  to  store  the  transmitting 
signal  (a  diirp)  for  a  certain  time  in  order  to  simulate  the 
prq)agation  time  delay  from  the  platform  to  the  ocean 
surface  and  return.  It  should  also  simulate  the  distortion  of 
the  transmitted  diirp  after  it  has  been  reflected  from  the 
ocean  surfece  which  will  carry  the  information  of  the  cx:ean 
wave  height  and  back  scattering  characteristics.  In  order  to 
realize  the  above  two  functions,  the  pres^  paper  will 
discuss  and  propose  a  novd  design  of  RSS. 

n.  DISCRETE  OCEAN  RETURN  SIGNAL 

As  we  known,  the  prindple  of  the  radar  altimeter  is  to 
transfer  the  ocean  return  signal  from  the  time  domain  to  the 


Fig.  1 .  Ocean  return  signal. 

(a)  Pulse  exdtation,  (b)  Chirp  exdtation. 
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frequency  domain  using  the  so  called  full  deramp  technique 
and  analysis  the  waveform  in  the  frequency  domain.  A 
classical  oc«an  return  signal  exdted  by  a  single  frequaicy 
pulse  signal  will  have  the  form  as  shown  in  Fig.  1  (a)  in  the 
time  domain.  However,  when  exdted  by  a  chirp  signal  as 
used  by  an  modem  radar  altim^er,  it  is  a  sum  of  a  lot  of 
chirp  signals  with  amplitude  and  arriving  time  differences 
rqpresentmg  back  scatterings  from  difference  parts  of  the 
illuminated  area  of  the  ocean.  This  return  signal,  as  shown 
in  Fig.  1  (b),  is  very  different  from  (a)  and  therefore  no  way 
to  analysis  it  direcdy  in  the  time  domain. 

The  deramp  technique  transfers  the  diirp  exdted  return 
signal  to  the  frequaicy  domain  by  mixing  the  signal  with 
the  same  chirp  as  used  in  the  transmit.  In  the  frequency 
domain,  the  r^m  chiips  with  differait  time  ddays  from 
the  cx:ean  will  be  separated  in  the  intermediate  frequency 
spectrum  and  forming  the  same  waveform  as  shown  in 
Fig.l  (a).  To  best  understand  this  and  simulate  the  return 
signals,  we  could  draw  a  chirp  exdted  return  signal  in  the 
form  of  disca'ete  return  chirps  separately  in  the  time  domain 
as  shown  in  Fig.  2. 

In  Fig.  2,  the  first  (the  earliest)  return  should  be  from  the 
cx:ean  wave  peak  at  the  nadir  r^on  and  with  a  very  small 
magnitude.  The  return  closely  followed  is  reflected  from 
the  ocean  wave  valley  at  the  nadir  and  the  wave  peak 
around  the  nadir.  Since  the  reflectirg  area  is  larger,  the 
signal  magnitude  is  then  increased.  This  is  continued  until 
the  antenna  beam  limitation  appears  resulting  a  peak  point 
of  the  waveform  is  reached.  Followed  is  the  trailing  edge  of 
the  waveform  due  to  the  antenna  pointing  limitations. 

Since  a  continuous  rdnm  signal  must  be  san^led  in  the 
frequency  domain  during  the  data  processing  vshich 
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representing  a  discr^e  return  signal  as  shown  in  Fig.2,  we 
could  therefore  use  the  discrete  sdieme  shown  in  Fig.  2  to 
simulate  the  chirp  excited  ocean  return  signal. 

m.  DESIGN  SCHEMES  OF  RSS 

It  is  meiticMied  in  Section  I  that  a  RSS  should  have  two 
functions  in  simulating  an  ocean  return  signal:  1)  to 
provide  aiou^  propagation  time  delay  to  simulate  the 
distance  from  ocean  surface  to  the  sensor’s  platform;  2)  to 
simulate  the  return  signal  reflected  from  the  ocean  surface, 
fri  this  section  we  will  discuss  them  in  details. 

1 .  Time  delay 

For  an  air-based  system  the  platform  altitude  is  from 
several  thousand  meters  to  more  than  a  ten  thousand 
meters  corresponding  to  a  few  pSec.  to  100  pSec.  time 
delay.  Whai  it  is  a  few  pSec.,  it  is  obviously  that  the  best 
way  to  obtain  the  delay  is  to  use  a  non-dispersed  SAW 
delay  line  or  a  bulk  acoustic  delay  line.  When  the 
requirement  become  more  than  20  pSec.,  the  acoustic 
technique  will  find  difficulties  to  readi  such  long  delay  not 
maition  to  simulate  a  space-based  systan.  Therefore  we 
must  have  an  alternative  way  to  realize  the  long  time  delay. 

Compared  with  the  acoustic  technique,  c^tical  technique 
is  a  very  attractive  way  to  fulfil  the  long  time  delay 
requirement.  This  is  because:  1).  its  small  scale  and  li^ 
wei^;  2).  the  low  cost  of  optical  fibre  after  the  first 
investment  for  the  optical  transmitter  and  receiver;  3).  for  a 
very  longtime  delay,  i,e.  the  space-based  system,  we  could 
make  an  optical  fibre  loop  and  let  the  signal  travel  throu^ 
the  same  length  of  fibre  many  times. 

For  an  optical  delay  system  as  shown  in  Fig.  3,  the 
problem  may  come  from  the  random  noise  and  group  delay 
generated  by  the  optical  transmitter  and  receiver.  In  order 
to  test  the  signal  distortion  of  a  chirp  through  the  system,  a 
test  is  made  as  shown  in  Fig.  4  on  a  31.3  pSec.  delay 
system.  It  is  sear  that  the  group  delay  for  this  system  is  not 
significant.  For  a  longer  delay  system,  signal  distortion 
may  become  larger,  but  as  it  is  in  the  practical  situation, 
where  the  orbit  position  error  and  antenna  pointing  error 


also  introduce  signal  distortions,  these  random  errors  and 
distortions  will  not  be  a  problem  for  the  simulation  of  the 
platform  altitude  in  the  RSS. 


Fig.4.  Test  result  of  a  31.3  pSec.  optical  dday  system. 


2.  Discrete  ocean  return  signal  simulator 

In  Section  H,  we  have  expressed  the  ocean  return  signal 
discretdy  in  the  time  domain  in  Fig.  2.  The  time  delay  A? 
(a  few  nSec.  in  practice)  between  each  chirp  should  be 
equal  and  corresponds  to  the  sampling  interval  in  the  data 
processing  part  of  the  altimeter.  The  discrete  ocean  return 
signal  can  be  e^qrressed  as 


w(t)  = 


n 


,  cos 


i=\ 


\ 


where  iAt  <  <  x  +  iAt 


(1) 


0  otherwise 


where  n  is  the  total  number  of  discrd:e  diirps,  At  is  the 
magnitude  of  chirp  i  and  x  is  the  chirp  pulse  width. 

The  directly  method  to  convert  a  single  chirp  to  a  multi¬ 
chirp  as  repressed  in  (1)  is  to  split  the  input  signal  into  n 
paths  and  use  delay  cables  to  achieve  iAt  and  use 
attaiuators  to  achieve  At  as  shown  in  Fig.  5,  and  finally  to 
combine  them  together  as  an  output  signal.  This  kind  of 
design  could  be  called  the  parallel  split  scheme. 


Aj,  At 


Ai,  iAt 

An,  nAt 


Outpu^ 


Fig.  5.  Parallel  split  design  scheme. 
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Another  direct  design  is  to  split  the  input  signal  cwie  after 
the  other  as  shown  in  Fig.  6,  whidi  may  be  called  the  series 
split  sdieme. 


Input 


Att.  1 

/f 


Output 


Coupler  1 — Coupler  2 —  ~  - 1 


i 

■ 

/ 

■ 

IB 

Att.  2 

B 

•  •  •  Att.  n 

B 

u 

/ 

u 

■ 

At/2  — ► 


Fig.  6.  Series  split  design  sdieme 

It  is  feasible  to  adiieve  the  discrete  ocean  return  signal 
through  the  parallel  and  series  split  design  sdiemes  as 
shown  in  Fig.5  and  Fig.6.  But  their  weakiess  is  obverse. 
Whai  n  is  larger,  for  example  64,  the  delay  cable  needed  to 
obtain  will  be  too  Icmg,  and  the  total  size  of  RSS  will 
be  too  large.  In  addition,  to  adiieve  and  adjust  Ai  in  the 
split  brandies  are  also  very  costly  vdien  n  is  large. 
Therefore  we  should  consider  a  better  design. 

From  the  above  discussion  it  seems  that  the  most 
difficult  part  of  the  design  is  to  convert  the  single  diirp  to 
the  multi-diirp.  In  differ  from  splitting  the  siiigle  diiip,  we 
could  think  about  to  store  the  single  diirp  in  a  storage 
component  and  pick  it  up  a  little  by  little  with  a  At  time 
interval.  Along  this  direction,  we  find  that  using  a  dosed 
loop  may  solve  our  problem. 

As  shown  in  Fig.  7,  the  input  signal  (the  sirigle  diirp)  is 
coupled  from  the  coupling  arm  of  Coupler  1  into  the  closed 
loop.  Once  the  signal  arrived  at  Coupler  2,  part  of  the 
signal  will  be  coiqiled  out  as  the  first  output  diirp  vdiile  the 
rest  of  the  signal  is  still  travdling  in  the  loop.  The  one  cycle 
time  delay  for  the  signal  propagate  in  the  loop  is  adjusted 
to  At .  Since  At  is  mudi  less  than  the  pulse  width  x  of  the 
chirp,  wfren  the  head  of  the  diirp  in  the  loop  readies 
Coupler  2  again  the  second  diirp  ouQiut  will  be  added  on 
the  first  one  but  with  the  time  delay  At.  This  will  continue 
for  many  times  until  the  energy  of  the  signal  travelling  in 


Input  Output 

0 - h  - - 0 


0 - h 

- 0 

I“ 

Coupler  1 

4 - 

Coupler  2 

-I 

,  Loop  delay  At 

- % 

Fig.  7.  Prindple  of  closed  loqi  design  sdieme. 


the  loop  has  beei  exhausted. 

Strictly  speaking,  this  loqi  is  not  an  energy  storage 
component  since  there  is  no  energy  supplement  conponent 
in  the  loqi  while  the  signal  is  attenuating.  To  compaisate 
this  and  provide  inaeasing  amplitude  multi-diirp  at  the 
output,  we  must  have  a  positive  loop  gain.  This  could  be 
realized  by  adding  an  amplifier  in  the  loop.  Once  the  single 
chirp  is  coi^led  into  the  locp,  it  will  be  amplified  after 
eadi  cyde  resulting  increasing  amplitude  on  output  chirps. 
It  is  understood  from  Fig.  2  that  a  larger  loop  gain  will 
produce  a  ste^er  slope  of  the  return  signal  waveform  and 
vice  versa.  To  make  the  slope  of  the  waveform  adjustable, 
we  should  use  an  attenuator  togdher  with  the  amplifier  as 
shown  in  Fig.8.  Li  practice,  since  At  is  very  small  the 
required  loop  gain  is  also  miniature. 

After  a  certain  number  of  cycles,  the  ouqjut  chirp  will 
reach  a  required  amplitude  vdiich  corresponding  to  a 
certain  peak  value  of  the  waveform.  At  this  momait,  we 
must  limit  the  increase  of  the  signal  eneigy.  This  is  down  in 
practice  by  an  amplitude  limiter  as  shown  in  Fig.  8  .  If  we 
change  the  amplitude  limiter’s  effecting  point,  different 
return  signal’s  peak  values  (backscattering  coeffidents) 
could  be  obtained. 


IV.  CONCLUSIONS 

The  design  sdiemes  of  radar  altimeter  are  discussed.  To 
best  simulate  the  ocean  return  signal,  a  novel  design  is 
proposed.  This  design  uses  a  closed  loop  as  an  energy 
storage  componaits  vdiich  has  the  advantages  of 
Ij.compact;  2).low  cost;  3).predse  At  for  disca'ete  chirps; 
4).easy  adjustable  slopes  of  waveform  leading  edge  and 
peak  values. 
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ABSTRACT 

A  calibration  experiment  of  an  airborne  precipitation  radar 
was  conducted  by  using  an  active  radar  calibrator  (ARC). 
The  airborne  radar,  which  is  named  CAMPR  (CRT’s  Air¬ 
borne  Multiparameter  Precipitation  Radar),  was  completed 
last  year.  Since  a  major  purpose  of  CAMPR  is  to  pro¬ 
vide  validation  data  for  the  first  space-borne  Precipita¬ 
tion  Radar  (PR)  onboard  the  Tropical  Rainfall  Measuring 
Mission  (TRMM)  satellite,  the  radar  system  parameters 
must  be  accurately  determined.  Three  flight  experiments 
ware  conducted  with  the  ARC,  which  was  developed  for 
calibration  of  TRMM  Precipitation  Radar,  The  ARC  was 
located  on  a  roof  of  a  building.  The  results  are  (1)  the 
radar  echo  thought  the  ARC  was  identified  clearly  with 
a  30  lis  delay  both  onboard  A- scope  monitor  and  at  the 
CAMPR  acquired  data,  (2)  the  levels  of  the  ARC  echoes 
were  consistent  with  the  estimated  ones  from  designed 
specifications  of  CAMPR.  This  experiment  result  is  used 
to  fix  the  radar  system  gain  of  CAMPR. 

1.  CRT’S  AIRBORNE  MULTIPARAMETER 
PRECIPITATION  RADAR(CAMPR) 

CAMPR  [1]  was  developed  to  validate  the  first  space- 
borne  precipitation  radar  onboard  the  Tropical  Rainfall 
Measuring  Mission  (TRMM)  satellite.  During  the  TRMM 
prelaunch  period,  it  takes  many  flight  experiments  for 
collecting  various  types  of  rainfall  observation  data  sets 
to  help  develop  algorithm  for  the  spaceborne  precipita¬ 
tion  radar  (PR).  After  the  TRMM  launch,  CAMPR  will 
conduct  flight  experiments  to  validate  the  PR  onboard 
TRMM.  For  these  purposes,  CAMPR  has  a  capability  of 
wide  scanning  of  the  antenna  beam,  —57°  right  from  nadir 
and  +75°  left  in  cross-track  plane.  CAMPR  is  installed 
on  a  King- Air  B200  which  can  fly  up  to  8  km  altitude.  It 
can  obtain  three  dimensional  distribution  of  rainfall  along 


the  flight  track.  Along  with  these  functions,  CAMPR  has 
both  polarimetric  and  Doppler  capabilities.  The  detail  of 
specification  is  summarized  at  Table  1. 


Table  1:  Specification  of  CAMPR 


Transmit  Power  (peak) 

2  kW 

Frequency 

13.8  GHz  (Ku  band) 

Antenna 

slotted  waveguide  array  antenna 

Gain(H),  G" 

33.5  dBi 

Gain(V), 

33.1  dBi 

Beam- width  (H) 

1.95  °  (along  track) 

4.40  ° (cross  track) 

Beam- width  (V) 

2.07  “(along  track) 

4.35  “(cross  track) 

Pulse  Width 

0.5,  1.0,  2.0  /isec 

(Range  Resolution) 

75,  150,  300  m 

PRF 

2,  4,  8  KHz 

Nyquist  Velocity 

±10.9,  ±21.7,  ±43.4  m/sec 

Transmit  Pattern 

H,  V,  HV,  HHVV 

2.  ACTIVE  RADAR  CALIBRATOR  (ARC) 

The  active  radar  calibrator  (ARC)  is  widely  recognized  as 
a  common  and  powerful  tool  for  the  calibration  of  space- 
borne  or  airborne  SAR  [2].  Its  compact  size  and  broad 
antenna  beam-width  regardless  of  its  radar  cross  section 
are  major  advantages  over  other  passive  reflectors.  An¬ 
other  important  feature  implemented  in  the  ARC  for  the 
TRMM  PR  is  a  signal  delay  capability  [3].  This  means 
that  the  ARC  echo  appears  at  further  range  bin  in  the 
radar  A-scope,  and  is  not  contaminated  from  intense  sur¬ 
face  clutter.  Since  the  signal  delay  was  set  at  30//S  in 
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this  case,  the  ARC  echo  existed  at  4.5  km  further  range 
bin  from  the  surface  range  bin.  In  Fig.  1,  an  example  is 
shown.  In  Table  2,  the  ARC  specifications  are  listed. 

Table  2:  Specification  of  ARC 


where  P*:  transmit  power,  Gt:  Antenna  Gain,  A:  effec¬ 
tive  aperture,  Garc'  amplifier  gain  on  the  ARC.  Effec¬ 
tive  aperture,  A,  is  substituted  by  A  =  I;:  *  G'  *  m^,  where 
rup  is  polarization  effectiveness,  and  four  components  of 
received  ARC  echo  are  the  following: 


Transmitting  antenna  gain,  Gt 

24.1  dBi 

Receiving  antenna  gain,  Gr 

24.1  dBi 

Antenna  beam- width  (3  dB) 

10° 

Internal  gain,  Garc 

56  dB 

Radar  cross  section  for  13.8  GHz 
(  0  dBm^  1  m2) 

59.9  dBm^ 

Time  delay 

30  fjs 

Phh 

Phv 

PvH 

PyV 


PtG^  A2 

47rJ?2  4^ 

PtG^ 

47ri?2  471- 

PtG^  A2 


GrrriHH  '  Garc 


GrTriHH'GARC' 


Gt 

AtiE? 
Gt 


AttR^  An 
PtG^  A^ 
47rP^  An 


GrTnvH'GARC 


GrTnvH'GARC 


AnP?  An 
Gt  A^ 
AnW'  An 
Gt  A^ 
AnW-  An 


rriHH, 

(2) 

—G^ranv,  (3) 


G^rriHH,  (4) 
rriHV.  (5) 


i 


3.  CALIBRATION  EXPERIMENTS 

The  ARC  was  located  as  its  polarization  plane  was  par¬ 
allel  to  east- west  direction.  The  airplane  equipped  with 
CAMPR  flew  along  the  east- west  or  north-south  lines.  At 
first,  we  planed  to  fly  above  the  ARC,  with  the  antenna 
beam  fixed  to  the  nadir  direction,  However,  the  CAMPR 
footprint  of  about  300x600  m  oval  at  8  km  flight  level  is 
so  small  that  it  was  difficult  to  fly  right  above  the  ARC 
beam  center.  Hence,  CAMPR  antenna  beam  was  set  to 
scan  fast  between  -2°  and  4-2°,  centered  at  the  nadir  di¬ 
rection,  with  rate  of  O'^/s.  This  means  that  the  CAMPR 
swath  size  was  nearly  2  km,  and  the  ARC  echo  was  ob¬ 
tained  easily;  moreover,  we  can  judge  whether  the  air¬ 
plane  flew  right  above  the  ARC,  from  the  received  echo 
time  variation.  Two  sample  records  of  the  ARC  echo  are 
shown  in  Fig.  2.  At  Fig.  2(a),  the  airplane  flew  along  the 
north-south  direction.  The  abscissa  is  time  with  unit  32 
ms,  and  the  ordinate  is  a  quantity  proportional  to  the  re¬ 
ceived  power.  Periodic  variation  of  received  power,  Pyy-, 
shows  the  effect  of  beam  scanning  clearly,  and  this  means 
that  the  airplane  flew  right  above  the  ARC  in  this  case. 
At  the  east- west  direction  case  (Fig.  2(b)),  on  the  other 
hand,  received  power,  Pyy  shows  so  irregular  variation 
that  the  airplane  did  not  fly  right  above  the  ARC.  Other 
components,  Pyn  and  Pny  showed  the  similar  variations 
(not  shown  in  this  paper),  which  contains  the  information 
of  the  airplane  attitude;  rolling,  pitch,  and  drift  angles. 

As  to  one  case.  Fig.  2(a),  observed  ARC  echo  level  was 
compared  with  estimated  one  based  on  the  designed  speci¬ 
fications  of  CAMPR.  Received  power,  P^,  is  obtained  from 
the  radar  equation: 

p  ^{CAMPR)  q{ARC) 

Pr  —  4j^ji2  *  ^ARC  ‘  Garc  *  '  ^campr-> 

(1) 


Results  from  a  Fig.  2(a)  case  are  listed  in  Table  3.  The 
difference  between  observed  ARC  echo  level  and  estimated 
one  is  4.0  dB  in  Pyy.  Both  the  antenna  directions  of 
CAMPR  and  the  ARC  are  considered  to  be  uncertainties 
in  this  calculation.  These  uncertainty  may  be  removed  by 
using  other  cases,  which  are  different  in  the  flight  direc¬ 
tion. 

Table  3:  Comparison  between  observed  ARC  echo  levels 
and  estimated  ones 


CH 

observed 

estimated 

HH 

-79.1  dBm 

-82.6  dBm 

HV 

-78.6  dBm 

-77.0  dBm 

VH 

-80.8  dBm 

-77.0  dBm 

VV 

-75.4  dBm 

-71.4  dBm 
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Figure  1:  ARC  echo  appeared  at  4.5  km  range  beyond 
the  surface.  At  around  9  km  range,  intense  surface  clut¬ 
ter  appeared  stationary.  The  ARC  echo  was  received  at 
13.5  km  range  intermittently.  This  was  explained  with 
the  CAMPR  antenna  beam  scanning  between  -2®  and  2°, 
centered  at  the  nadir  direction.  Another  surface  clutter 
was  shown  around  12  km. 
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Figure  2:  Time  variation  of  Received  Powers,  Phh-)  Pvv- 
From  its  shape,  it  can  be  determined  whether  the  airplane 
flew  the  right  above  the  ARC  or  not.  (a),  was  good  case 
example,  and  (b).  was  not. 
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Abstract 

A  multipolarization,  multi-incidence  angle  conical 
scanning  Ku-band  radar  antenna  is  currently  being 
designed  and  calibrated  at  the  Jet  Propulsion 
Laboratory  (JPL)  for  the  SeaWinds  Scatterometer 
instrument.  To  calibrate  the  radar's  performance,  it 
is  essential  to  accurately  determine  the  antenna  gain 
and  radiation  pattern  characteristics  over  wide 
angular  range.  Such  characterizations  may  be 
performed  on  a  far-field  range  or  in  an  indoor  near- 
field  measurement  facility.  Among  the  advantage 
of  the  latter  is  that  the  anterma  is  in  a  controlled 
environment.  This  paper  demonstrates  the  utility  of 
a  cylindrical  near-field  measurement  approach  for 
the  SeaWinds  radar  antenna  calibration.  Both 
generalized  measurement  error  models  and 
measured  tests  on  a  standard  gain  horn  and  NASA 
Scatterometer  instrument  antenna  have  been 
performed  to  achieve  and  verify  the  desired 
calibration  accuracy.  A  comparison  between  far- 
field  measured  data  and  those  obtained  from 
cylindrical  near-field  measurements  was  found  in 
excellent  agreement. 

1.  Introduction 

Recent  spacebome  scatterometers  demand  very 
high  quality  performance  from  radar  antennas.  For 
example,  a  recently  designed  JPL/NASA  SeaWinds 
spacebome  scatterometer  for  global  mapping  of 
dynamic  change  of  ocean  circulation  requires 
accurate  knowledge  of  antenna  gain,  wide-angle 
antenna  patterns,  pointing,  and  beamwidth.  The 
0-7803-3068-4/96$5.00©1996  IEEE 


antenna  assembled  on  this  instrument  is  an  elliptical 
parabolic  reflector  with  two  independent  beams 
pointing  at  40  and  46  degrees  from  nadir  to  provide 
a  cross  track  measurement  range  of  900  km.  The 
inner  beam  (40  degrees  from  nadir)  is  a  horizontal 
polarization,  H-pol,  with  1.6  x  1.8  degrees 
beamwidth  in  elevation  and  azimuth  plane 
respectively.  The  outer  beam  (46  degrees  from 
nadir)  is  a  vertical  polarization, V-pol,  with  1.4  x  1.7 
degrees  beamwidth.  The  instmment  operates  at 
Ku-band,  13.402  GHz. 

Near-field  measurement  has  been  used  for  many 
years  to  determine  the  far-field  radiation  patterns  of 
antennas  with  high  accuracy  [1].  In  order  to 
accurately  characterize  the  radiation  performance  of 
SeaWinds  radar  anteima  at  JPL,  a  cylindrical  near- 
field  measurement  facility  has  been  developed 
(Figure  1).  It  is  the  objective  of  this  paper  to 
present  a  cylindrical  near-field  calibration  approach 
with  generalized  measurement  error  models  to 
properly  determine  the  effect  of  near-field  bias 
errors  on  antenna  gain  and  far-field  radiation 
patterns,  and  to  critically  assess  the  importance  of 
different  error  mechanisms  in  evaluating  the 
achievable  accuracy  in  absolute  gain  and  pattern 
measurements. 

The  following  is  a  description  of  the  cylindrical 
near-field  measurement  set  up  at  JPL,  error  analysis 
technique,  a  verification  of  the  calibration  accuracy 
with  the  use  of  standard  gain  hom  measurement  in 
the  cylindrical  near-field  at  13.402  GHz  with  those 
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measured  at  National  Institute  of  Standard  and 
Technology  (NIST)  in  the  far-field  range,  and  the 
SeaWinds  radar  antenna  comparative  performance 
with  those  measured  in  the  far-field  range. 


2.  Cylindrical  Near-Field  Measurement 
Implementation 

The  cylindrical  near-field  measurement  facility  at 
JPL,  shown  in  Figure  1,  is  implemented  such  that 
the  sampling  orthomode  probe  steps  along  the 
vertical  direction  (3.8  meter  long)  and  the  antenna 
under  test  rotates  in  azimuth.  The  sampling  probe 
measures  the  amplitude  and  phase  tangential 
electric  field  components  on  a  cylindrical  surface 
enclosing  the  test  antenna  as  illustrated  in  Figure  2. 
An  RF  switch  at  the  input  of  the  sampling  probe  is 
used  to  switch  between  the  electric  field 
components.  In  order  to  maintain  the  relative  ratio 
between  the  measured  field  components,  the 
insertion  loss  difference,  amplitude  and  phase,  of 
the  RF  switch  is  determined.  This  difference  is 
corrected  at  the  front  panel  of  SA  1795  receiver. 
The  antenna  under  test  is  then  optically  aligned  to 
the  probe  coordinate  system.  Probe  compensation 
is  used  to  correct  for  the  probe’s  radiation 
characteristics  [2]  including  probe  antenna  gain, 
patterns  and  input  reflection  coefficients.  The 
insertion  loss  between  the  antenna  under  test  and 
the  probe,  normally  taken  at  the  peak  of  the  near- 
field  on  the  scanning  cylindrical  surface,  is 
determined.  The  absolute  antenna  gain  and  far- 
field  radiation  patterns  are  then  obtained  via  near- 
field  to  far-field  transformation  [2-4] . 


3.  Error  Analysis 

There  are  two  types  of  bias  errors  in  near-field 
antenna  calibration:  electrical  and  mechanical.  The 
electrical  errors  are  dominated  by  the  probe- 
antenna  under  test  interaction,  scan  area  truncation, 
receiver  non-linearity  and  drift,  and  probe  gain  and 
relative  patterns.  The  mechanical  errors,  which 
may  also  induce  bias  errors  in  the  calculated  far- 
field  radiation  patterns,  are  mainly  probe  position 
with  respect  to  the  center  of  the  rotation  of  the 


antenna  as  it  steps  along  the  z-direction,  probe 
orientation,  and  antenna  under  test  alignment. 

Probe  tower  alignment  is  critical  to  the  prediction 
of  the  antenna  pointing  accuracy.  Misalignment 
causes  a  pattern  shift  that  is  proportional  to  the 
slope  of  the  tower.  For  example,  it  has  been 
demonstrated  with  computer  simulation  that  a  0.02- 
degree  pointing  error  in  elevation  necessitates  a 
probe-position  alignment  to  better  1/16  wavelength. 

Multiple  reflections  between  the  probe  and  the 
antenna  will  greatly  affect  antenna  gain  and  relative 
pattern  accuracy.  Figure  3  depicts  the  deviations  in 
far-field  patterns  computed  from  near-field  data 
measured  on  successive  cylindrical  near-field 
surfaces  separated  by  TJA.  Near-field  truncation 
along  the  Z-direction  will  greatly  affect  the  sidelobe 
level  and  angular  location  in  the  computed  far  field 
radiation  patterns  in  elevation  plane  [4].  A  near- 
field  truncation  error  in  the  azimuth  direction  will 
deter  our  ability  to  predict  the  backlobe  far-field 
patterns  in  that  direction.  It  has  been  observed  that 
the  pattern  accuracy  deteriorates  rapidly  in  azimuth, 
starting  at  an  angle  coinciding  with  the  truncated 
angular  near-field  region.  Accurate  knowledge  of 
the  radial  separation  distance,  ro,  between  the  AUT 
and  the  phase  center  of  the  probe  is  important  to 
predict  antenna  gain  and  relative  patterns.  Figure  4 
describes  the  relative  change  of  antenna  gain  vs. 
radial  error. 


4.  Standard  Gain  Horn  Antenna  Results 

A  standard  gain  hom,  SGH,  model  12-12,  has 
been  employed  to  verify  the  cylindrical  near-field 
measurement  setup  and  accuracy.  The  SGH  was 
measured  in  the  cylindrical  near-field  range  at 
SeaWinds  radar  antenna  operating  frequency 
13.402  GHz.  Far-field  patterns  and  antenna  gain 
were  then  computed.  A  comparison  between  the 
SGH  antenna  gain  measured  at  NIST  using  a 
generalized  three  antenna  measurement  techniques 
[5]  at  the  same  frequency  and  those  measured  in  the 
above  described  approach  shows  an  excellent 
agreement  (within  0.18  dB  difference)  as  shown  in 
Table  1. 
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Table  1.  Comparison  between  SGH  antenna  gain 
measured  at  NIST  and  gain  measured  at  JPL 


JPL  SGH  Gain 
Measurement 

NIST  SGH  Gain 
Measurement 

Difference 

23.98  dB 

23.80  dB 

0.18  dB 

Furthermore,  a  comparison  between  direct  far- 
field  pattern  measurement  of  the  SGH  at  JPL’s 
3000-foot  range  and  those  constructed  from 
cylindrical  near-field  measurement  is  shown  in 
Figure  5.  As  can  be  seen,  the  results  are  in  very 
good  agreement  down  to  40  dB  from  the  peak  of  the 
beam.  It  is  worthwhile  to  note  here  that  the  3000- 
foot  far-field  range  has  a  limited  dynamic  range  of 
40  dB.  This  is  evident  in  the  far-field  patterns 
shown  in  Figure  5  at  an  amplitude  level  below  40 
dB  from  the  peak. 

5.  SeaWinds  Radar  Antenna  Results 

The  SeaWinds  radar  antenna  horizontal  and 
vertical  polarization  were  measured  in  the 
cylindrical  near-field  range.  The  radar  antenna 
performance  parameters  were  then  compared  to 
those  obtained  in  the  JPL  ‘s  3000-foot  range. 
Figure  6  and  7  depict  the  radiation  patterns  of  the 
antenna  horizontal  polarization  in  the  elevation  and 
azimuth  plane  respectively.  It  is  seen  that  the 
results  are  in  very  good  agreement.  Simileirly,  the 
vertical  polarization  of  the  SeaWinds  radar  antenna 
was  measured  and  compared  to  the  results  obtained 
in  the  direct  far-field  measurement  in  the  elevation 
and  azimuth  plane  as  shown  in  Figure  8  and  9 
respectively. 
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Figure  1.  SeaWinds  radar  Antenna  mounted  in  the 
cylindrical  near-field  range  facility  at  the  JPL. 
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Figure  2.  (a)  Cylindrical  near-field  configuration  and 
(b)  probe  coordinate  system. 


Figure  3.  Typical  far-field  pattern  error  variation 
due  to  near-field  multiple  reflection  between 
probe  and  antenna  under  test. 


Figure  4.  Typical  far-field  pattern  error  variation  due 
to  lack  of  accurate  knowledge  of  separation  distance 
between  antenna  under  test  and  phase  center 
location. 
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Figure  5.  Comparison  of  standard  gain  horn  far- 
field  pattern  obtained  from  cylindrical  near-field 
measurement  and  direct  far-field  measurement. 


618 


m 

T3 


E 


CO 


> 

(U 

a: 


-  Far-Pield  from  cytindrical  naar-fteld  maasuramenVElevation  Cut 

,  Par-field  meaeurament  (3000-loot  rangeVEfovation  Cut 


-20.00-15.00-10.00  -5.00  0.00  5.00  10.00  15.00  20.00 
Scan  Angle  in  theta  (degrees) 


— ■  Far-Field  from  cylindrical  naar-liaid  meaauramanl/  A2imuth  Cut 
Par-Field  measurement  (3000  foot  range)/  Azimuth  Cut 


-20.00-15.00-10.00  -5.00  0.00  5.00  10.00  15.00  20.00 

Scan  Angle  in  phi  (degrees) 


Figure  6.  Comparison  of  H-poI  SeaWinds  radar  antenna 
elevation  plane  far-field  pattern  obtained  from  cylindrical 
near-field  measurement  and  direct  far-field  pattern 
measurement. 


Figure  7.  Comparison  of  H-pol  SeaWinds  radar  antenna 
azimuth  plane  far-field  pattern  obtained  from  cylindrical 
near-field  measurement  and  direct  far-field  pattern 
measurement. 
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Figure  8.  Comparison  of  V-pol  SeaWinds  radar  antenna 
elevation  plane  far-field  pattern  obtained  from  cylindrical 
near-field  measurement  and  direct  far-field  pattern 
measurement. 


Figure  9.  Comparison  of  V-pol  SeaWinds  radar  antenna 
azimuth  plane  far-field  pattern  obtained  from  cylindrical 
near-field  measurement  and  direct  far-field  pattern 
measurement. 


519 


Detection  of  Pollutants  in  Liquids  by  Laser  Induced  Breakdown  Spectroscopy  Technique 

G.Arca.  A.Ciucci*,  V.Palleschi,  S.Rastelli  and  E.Tognoni 


IF  AM  -  Istituto  di  Fisica  Atomica  e  Molecolare  del  C.N.R. 
Via  del  Giardino,  7-56127  PISA 
Tel  +39  (50)  888109  -  Fax;  +39  (50)  888135 
e-mail:  vince@risc.ifam.pi.cnr.it 
WWW:  http://www.ifam.pi.cnr.it 

*  ENEA  -  Ente  per  le  Nuove  tecnologie,  TEnergia  e  TAmbiente 
Centro  Ricerche  Ambiente  Marino 
Pozzuolo  di  Lerici  CP  316  - 19100  (SP)  I 
Tel.  +39  (187)  536291 


ABSTRACT 

LIBS  (Laser  Induced  Breakdown  Spectroscopy)  is  an 
innovative  technique  [1-3],  which  has  proven  very  valuable 
in  the  accurate  measurement  of  trace  concentration  of  atomic 
pollutants  in  gas  [4-6]  and  solids  [7-12]. 

Given  these  positive  characteristics  and  the  good  results 
obtained  on  the  field  by  LIBS  technique,  either  in  industrial 
exhausts  monitoring  and  polluted  soil  analysis,  one  could 
ask  about  the  possibility  of  applying  the  fundamentals  of 
LIBS  method  to  the  study  of  polluted  liquids,  in  particular 
water.  The  group  at  IFAM-CNR  (Pisa)  has  been  conducting 
extensive  researches  for  verifying  the  reliability  of  LIBS 
analysis  of  polluted  water,  Avith  the  aim  of  developing  a 
diagnostic  device  suitable  for  in  situ  continuous  monitoring 
operation.  Main  goal  of  our  research  was  to  keep  the 
experimental  setup  as  simple  as  possible,  but  still 
maintaining  a  sensitivity  for  trace  pollutants  concentrations 
useful  for  actual  detection  of  potentially  dangerous  pollution 
levels  in  the  sample  under  analysis. 


EXPERIMENTAL  SETUP 

In  order  to  produce  the  breakdown  on  the  water  surface,  a 
Nd:YAG  Laser  is  used.  It  delivers  about  500  ml  in  8ns 
FWHM  pulses  by  a  10  Hz  repetition  rate.  The  beam  is 
focused  by  a  30  cm  lens  on  the  surface  and  the  discharge 
li^t,  generated  by  the  emission  of  the  recombination  of  the 
excited  and  ionized  atoms,  is  collected  through  a  suitable 
optical  system  and  passed  on  to  a  1  m  spectrometer.  The 
signal  is  acquired  through  an  Optical  Multi-channel 
Analyzer.  The  apparatus  is  entirely  controlled  by  personal 
0-7803-3068-4/96$5.00©1996  IEEE 


computers,  which  provide  also  an  automated  analysis  of  the 
spectrum  (Fig.  1). 

When  setting  up  a  LIBS  experiment,  one  has  to  deal  with 
the  bremsstrahlung  radiation  which  determines  a  continuum 
radiation  background  signal.  This  signal  corresponds  to  a 
physical  process  taking  place  in  the  early  hundreds  of 
nanoseconds  (ionized  atom  emission)  and  thus,  it  can  not  be 
reduced  using  standard  averaging  procedures.  The  effect  of 
the  continuum  background  on  LIBS  analysis  can  be  reduced 
by  starting  the  spectral  acquisition  with  a  given  time  delay 
after  the  breakdown.  This  delay  depends  on  the 
characteristics  of  the  LIBS  system;  in  om  case  we  found  an 
optimum  configuration  using  delays  of  order  1  -2 
microseconds.  However,  the  drawback  of  this  method  is  the 
impossibility  to  observe  discrete  emissions  lines  taking  place 
and  decaying  within  this  time. 


Fig.  1:  Experimental  LIBS  setup  at  IF  AM  laboratory. 
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RESULTS 


Inquiries  have  been  focused  mostly  on  atomic  species, 
such  as  Al,  Pb,  Cr,  Mg,  Cu  and  Ca.  The  LIBS  detection 
limits,  arbitrarily  defined  as  the  element  concentration  which 
gives  a  spectral  line  signal  to  noise  of  2,  vary  for  these 
elements  fi:om  a  few  parts  per  million  (ppm)  to  a  few  parts 
per  billion,  depending  on  the  solute. 

Our  first  purpose  has  been  testing  the  feasibility  of  LIBS 
technique  for  trace  analysis  of  water.  We  started  by 
measuring  the  concentration  of  a  test  drinking  water 
component  (Mg)  via  LIBS  and  comparing  these  results  with 
those  given  by  standard  chemical  analysis  [13]  on  several 
drinking  water  samples.  Results  are  given  in  Fig.  2.  The 
LIBS  signal  is  the  integrated  intensity  of  the  Mg  doublet 
lines  at  wavelength  2795.53  A  and  2802.7  A.  As  it  can  be 
seen,  the  LIBS  intensity  is  proportional  to  Mg  concaitration 
over  a  wide  range  of  concentrations.  Similar  measurements 
have  been  conducted  on  other  ionic  pollutants  and  linearity 
has  always  been  observed.  These  outcomes  enable  us  to  use 
LIBS  intensities  to  measure  trace  concentration.  With  this 
technique  we  were  able  to  detect  concentration  up  to  2  ppm. 
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Fig.  2:  Comparison  between  the  LIBS  results  (for  Mg 
concentration)  vs.  chemically  determined  concentration. 
Results  corresponding  to  the  two  lines  of  the  Mg  doublet  at 
2795.53  A  and  2802.7  A  are  shown. 
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Fig.  3:  Comparison  between  the  LIBS  results  (for  Cr 
concentration)  vs.  chemically  determined  concentration  on 
log-log  paper.  Results  corresponding  to  the  Cr  fine  at 
2835.63  A  are  shown. 


The  second  step  of  our  investigation  consisted  in 
polluting  a  water  sample  with  some  metals  in  very  small 
concentrations.  We  aimed  at  determining  the  LIBS 
detectability  threshold  for  these  elements  (for  a  definition  of 
this  limit,  we  refer  the  reader  to  the  beginning  of  this 
section).  Without  the  pretense  of  making  a  systematic 
classification  we  limited  ourselves  to  a  a  few  elements, 
which  are  relevant  to  environmental  pollution  problems: 
Cn,  Cr  and  Pb.  Results  are  reported  in  Table  1 . 


Table  1:  Detection  limit  for  several  atomic  pollutants  m 
water  with  the  reference  wavelength  indicated. 


Element 

Wavdength 

Detection  Limit 

Cr 

2835.63  A 

100  ppb 

Pb 

2833.05  A 

100  ppm 

Cu 

3247.54  A 

I 

50  ppb 

Some  results  relative  to  several  known  concentrations  of  Cr 
3  (wavelength  2835.63  A)  can  be  sem  in  Fig.3. 

The  detection  limits  obtained  are  an  interesting  result 
and  suggest  possible  future  apphcations  of  the  LIBS 
technique  to  “in  field”  continuous  monitoring  of  water,  both 
drinking  water  and  water  fi*om  industrial  plants. 
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ALTERNATIVE  METHOD 


CONCLUSIONS 


The  technique  just  described  has  a  great  advantage  with 
respect  to  laboratory  analysis,  since  it  is  especially  flexible 
and  doesn’t  require  the  presence  of  trained  personnel  to  be 
employed. 

However  the  sensitivity  in  the  described  configuration 
might  not  be  sufficient  for  all  needs  or  all  pollutants  (as  it 
can  be  seen  from  Table  1,  Pb  and  Cr  have  detection 
thresholds  higher  than  Cu).  In  order  to  achieve  higher 
sensitivities  we  have  devised  a  simple  alternative  method 
which  has  proven  capable  of  increasing  the  detectability 
limit  of  about  one  order  of  magnitude,  as  reported  in  Table 
2. 


Table  2:  Detection  limit  for  several  atomic  pollutants  on 
a  solid  matrix  water  with  the  reference  wavelength  indicated. 


Element 

Wavelength 

Detection  Limit 

Cr 

2835.63  A 

- 10  ppb 

Pb 

2833.05  A 

-  5  ppm 

Cu 

3247.54  A 

~  5  ppb 

The  method  consists  in  preparing  a  pellet  of  a  solid 
madix  (KBr)  in  which  we  mix  a  few  drops  of  the  liquid  to  be 
analyzed.  The  laser  beam  is  then  focused  on  the  KBr  solid 
matrix  and  the  LIBS  signal  is  collected  and  analyzed  in  the 
usual  way.  The  “solid  matrix”  configuration  has  several 
advantages  with  respect  to  the  “free  surface”  method:  first,  a 
solid  doesn’t  ripple  like  a  liquid  surface  and  therefore  the 
incidence  point  of  the  laser  light  is  accurately  determmed. 
Second,  there  is  in  this  case  a  better  laser-material  coupUng 
which  allows  for  higher  plasma  temperatures  and  electron 
densities,  hence  higher  signals.  Third,  whenever  the 
polluted  liquid  is  available  in  a  limited  quantity,  this  “trick” 
turns  out  very  helpful,  since  a  few  ml  of  water  are  enough  for 
a  complete  multielemental  analysis. 


The  results  we  have  brought  in  this  paper  show  that 
it  is  feasible  to  apply  the  LIBS  technique  for  the  detection  of 
trace  pollutants  in  water.  The  “solid  matrix”  configuration 
allows  for  higher  sensitivities,  while  the  “free  surface” 
configuration  is  particularly  suited  for  in  situ  real  time 
monitoring. 
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Abstract : 

Various  methods  for  integrating  spatial  contextual 
information  in  multispectral  images  classification  have 
been  developed  during  the  last  two  decades.  These 
methods  have  for  a  large  part  been  of  two  main  types  : 
l)Pre-classification  neighborhood-based  using  spatial 
contextual  correlation  between  adjacent  pixels  in  the 
spectral  space,  2)Postprocessing-based  smoothing  using 
the  contextual  correlation  between  adjacent  pixels  in  the 
"decision"  space.  In  this  paper,  an  iterative  contextual 
classiflcation  algorithm  is  developed.  The  aim  of  this 
algorithm  is  to  use  the  spatial  contextual  correlation 
between  adjacent  pixels  in  order  to  form  the  data  base  to 
be  used  in  learning  a  neural  network  classifier. 

I  -  Introduction : 

Multispectral  images  interpretation  using  computer- 
based  methods  is  one  of  the  most  important  tasks  in  the 
analysis  of  remotely  sensed  satellite  imagery.  These 
methods  consider,  at  the  pixel  level,  the  reflected 
radiation  from  different  spectral  bands  as  a  numerical 
feature  vector  in  the  feature  space.  This  permits  to 
consider  the  multispectral  images  interpretation  problem 
as  a  classification  (or  pattern  recognition)  one.  Therefore, 
mathematical  models  already  developed  in  classification 
theory  can  be  applied  in  discriminating  land  covers.  Since 
land  use  occurs  in  patches  larger  than  the  pixel  footprint 
and  since  slight  misregistration  errors  may  exist  between 
the  ground  truth  and  the  special  data,  it  seems  clear  that 
information  from  neighboring  pixels  should  increase 
classification  accuracy.  This  information  is  generally 
referred  to  as  spatial  contextual  information.  Various 
methods  for  integrating  spatial  contextual  information  in 
multispectral  images  classification  have  been  developed 
during  the  last  two  decades.  These  methods  have,  for  a 
large  part,  been  of  two  types:  l)Pre-classiftcation 
neighborhood-based  using  spatial  correlation  between 
adjacent  pixels  in  the  spectral  space,  2)Post  processing- 
based  smoothing  using  the  correlation  between  adjacent 
pixels  in  the  "decision"  space. 

In  this  paper,  a  new  approach  permitting  the 
integration  of  spatial  contextual  information  is  proposed. 
This  approach  is  based  on  the  fact  that  training  pixels 
extraction  (in  supervised  classification)  is  time 
consuming,  involves  an  expensive  enterprise  of  field  visits 
0-7803-3068-4/96$5.00©1996  IEEE 


and  requires  the  use  of  reference  data  such  as  topographic 
maps  and  air  photographs.  In  addition,  the  ground  truth 
samples  are  systematically  biased  due  to  constrains 
induced  by  the  field  campaign. 

Therefore,  the  proposed  approach  starts  by  learning  an 
initial  small  size  learning  base,  and  then,  by  using  the 
spatial  contextual  information  in  the  decision  space 
(obtained  thematic  map)  and  in  the  feature  space  (spectral 
images),  a  new  labelled  training  base  is  then  extracted. 
This  procedure  is  then  repeated  in  an  iterative  way  and 
thematic  maps  are  obtained  at  each  iteration.  The 
extraction  of  new  patterns  is  controlled  by : 

1)  The  homogeneity  in  the  decision  and  the  feature  spaces 
using  Nagao  windows.  This  control  is  conducted  in  order 
to  insure  that  selected  pixels  do  not  belong  to  edges. 

2)  The  fuzzy  classification  of  selected  pixels.  Only  pixels 
having  been  classified  (in  thematic  maps)  identical  to  the 
most  ressemblant  class  (using  the  fuzzy  classification)  will 
be  kept.  This  control  is  of  extreme  importance  in  order  to 
solve  the  problem  of  classes  absorption. 

Il-Contextual  iterative  base  forming  : 

In  this  section,  we  propose  to  introduce  a  dynamic 
contextual  classification  system.  The  basic  idea  of  this 
system  is  to  integrate  contextual  information  issued  from 
both  spatial  and  decision  spaces  in  order  to  form  the  data 
base  to  be  used  in  the  learning  process  of  the  neural 
network.  This  operation  is  repeated  in  an  iterative  way.  It 
is  to  be  mentioned  that  this  system  is  completely 
independent  of  the  neural  network  to  be  used  in  the  neural 
classification  process.  The  general  scheme  of  the  proposed 
system  is  depicted  in  figure  1. 

As  can  be  noticed,  the  proposed  system  starts  by 
learning  an  initial  small  size  data  base  containing  samples 
selected  manually  by  an  expert.  After  the  end  of  this 
learning  process,  an  initial  thematic  map  is  obtained.  A 
new  learning  data  base  containing  the  initial  one  as  well 
as  new  samples  is  then  formed.  The  extraction  of  new 
samples  in  tlie  contextual  base  forming  block  is  governed 
by : 

1)  Homogeneity  measures  in  the  spatial  and  in  the 
decision  spaces. 

2)  Information  issued  from  the  initial  learning  data 
base. 

In  fact,  in  order  to  obtain  learning  samples  that  are  not 
issued  from  edges,  homogeneity  criteria  is  needed. 
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Figure  1.  Dynamic  contextual  system  for  neural 
networks  multispectral  images  classification 

This  criteria  is  established  using  both  spatial  and 
decisional  contextual  information.  The  use  of  information 
issued  from  the  initial  learning  base  is  of  extreme 
importance  in  order  to  prevent  the  class  absorption 
problem.  It  is  to  be  noticed  that  information  issued  from 
the  initial  learning  base  will  be  computed  only  one  time 
and  will  not  be  reactualized  as  a  function  of  new  learning 
basis. 

n-  a  -  homogeneity  criteria  : 

In  order  to  give  a  decision  concerning  a  selected  pixel 
as  belonging  into  a  homogeneous  region  or  not,  we 
generally  use  a  rectangular  NxN  neighboring  window.  If 
N  is  chosen  to  be  equal  to  5,  then,  if  considering  a  Spot 
image  for  example,  the  pixel  must  be  in  the  centre  of  a 
100m  X  100m  homogeneous  region.  This  is  a  severe 
situation  that  may  be  difficult  to  encounter  especially 
when  analysing  European  images.  For  this  reason,  the  use 
of  the  Nagao  cliques  is  proposed  in  this  study.  In  fact, 
Nagao  cliques  are  developed  in  the  context  of  the  Nagao 
edge  preserving  filter  [1].  In  this  filter,  8  cliques  in  a  5x5 
window  surrounding  each  pixel  are  defined  (figure  2), 


Each  clique  contains  7  pixels.  The  form  of  these 
cliques  is  determined  in  such  a  way  that,  if  the  considered 
pixel  is  adjacent  to  an  edge  pixel,  then,  at  least  one  of  the 
cliques  covers  a  small  size  homogeneous  region 
containing  this  pixel.  In  the  original  Nagao  filter,  each 
pixel  is  assigned  to  the  mean  value  of  the  clique  with  the 
minimal  grey  level  standard  deviation.  This  clique 
(generally  referred  to  as  the  winning  clique)  will  have  the 
minimal  grey  level  standard  deviation,  and  thus,  the  new 
grey  level  affected  to  the  pixel  will  not  be  significantly 
different  from  the  old  one.  Therefore,  this  filter  realizes 
the  smoothing  operation  while  preserving  the  general 
appearance  of  contours  in  the  image. 

In  this  study,  each  clique  is  associated  with  a  clique 
label  (the  label  most  frequently  encountered  within  the 
clique  in  the  associated  thematic  map)  as  well  as  a  clique 
vote  (the  number  of  pixels  having  this  majority  vote 
label). 

The  decision  concerning  the  membership  of  a  given 
pixel  into  a  homogeneous  region  is  realized  using  a 
selected  spectral  band  as  well  as  the  thematic  map  through 
the  following  algorithm  : 

1.  realize  the  extraction  of  the  8  Nagao  cliques  in  the 
considered  spectral  band  :  Sl(b),  S2(b),..  ,  S8(b) 
(containing  gray  levels  in  the  spectral  band  "b"),  as  well  as 
the  8  Nagao  cliques  from  the  thematic  map  at  the  same 
position  Tl,  T2,... ,  T8  (containing  the  decision  values), 

2.  determine  the  winning  clique  in  the  spectral  domain  : 
Sw  (the  clique  with  tlie  minimal  grey  level  standard 
deviation), 

3.  determine  the  vote,  Vote(Tw),  and  the  label,  Label(Tw), 
of  the  winning  clique  in  the  thematic  map, 

4.  if  (Vote(Tw)  =  7)  then  the  pixel  is  considered  to 
belong  to  a  homogeneous  region. 

In  fact,  the  selection  of  the  winning  clique,  Sw,  with 
the  minimal  grey  level  standard  deviation,  does  not 
necessarily  mean  that  tlie  pixel  belongs  to  a  homogeneous 
region.  Therefore,  the  use  of  steps  3  and  4  is  necessary  in 
order  to  indicate  if  all  the  pixels  from  the  winning  clique 
are  classified  as  belonging  to  the  same  thematic  class  by 
the  classifier. 

II-  b  -  Class  characteristics  computation: 
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Diagonal  cliques  vertical  and  horizontal  cliques 

Figure  2:  Nagao  filter  diagonal,  vertical  and 
horizontal  cliques 


Each  individual  thematic  class,  is  characterized  by  two 
vectors:  the  mean  and  the  variance  vectors.  Each 
component  of  tliese  vectors  corresponds  to  the  mean  and 
the  variance  values  in  the  corresponding  spectral  band. 
These  parameters  are  used  in  characterising  each 
individual  class.  They  are  computed  using  the  initial 
learning  data  base  containing  samples  selected  manually 
by  the  expert.  These  parameters  are  not  actualized  through 
different  iterations  in  order  to  preserve  the  initial 
knowledge  injected  by  the  expert. 

This  is  mainly  conducted  in  order  to  avoid  the  class 
absorption  problem. 
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In  fact,  some  classes  are  very  poorly  represented  in  a 
studied  scene.  Therefore,  samples  issued  from  other 
classes  may  be  affected  wrongly.  This  bad  classification 
would  generate  an  important  deviation.  It  is  precisely  for 
this  reason  that : 

-the  computation  of  different  class  parameters  are 
computed  using  the  initial  learning  base, 

-  the  initial  data  base  is  periodically  injected  to  the  new 
learning  base  at  each  new  iteration. 

ni  -  Simulation  results  : 

The  simulation  of  this  approach  was  conducted  using  a 
Spot  image  acquired  over  the  agricultural  area  of  Hillion 
(Northwest  of  France).  Ten  classes  are  selected  and  an 
initial  small  size  learning  data  base  is  manually  formed  by 
an  expert.  This  base  contains  100  pixels  from  each  class. 

The  classification  method  used  in  this  study  is  based 
on  the  use  of  the  Hybrid  Learning  Vector  Quantization 
neural  network  [2],  [3].  This  neural  network  is  based  on 
the  use  of  a  Self  Organizing  Feature  Map  with  a  hybrid 
(Supervised/Unsupervised)  learning  algorithm  that  has 
shown  to  be  particularly  adapted  into  the  classification  of 
agricultural  multispectral  data. 

During  each  iteration  of  the  contextual  base  forming, 
100  new  pixels  issued  from  each  class  are  added  to  the 
learning  data  base.  This  small  incrementation  in  the  size 
of  the  learning  base  is  essential  since  it  is  mainly  related 
to  the  quality  of  the  reconstructed  thematic  map. 

Two  simulation  studies  are  then  conducted.  In  the  first 
experimentation,  the  information  characterizing  different 
classes  and  issued  from  the  initial  data  base,  is  not  used. 
Only  the  homogeneity  criteria  in  the  thematic  map  in 
establishing  the  learning  basis  is  used.  Obtained  results 
have  shown  that  classes  weakly  represented  in  the 
analysed  scene  will  disappear  after  few  iterations.  This  is 
mainly  due  to  the  fact  in  the  first  obtained  thematic  maps, 
where  a  lot  of  errors  occurs,  the  pixels  injected  to  tlie 
learning  base  (which  are  supposed  to  represent  the  class) 
will  be  issued  from  other  classes.  The  classification 
accuracy  will  loose  its  significance.  Therefore,  tlie 
integration  of  the  homogeneity  criteria  in  characterizing 
different  classes  and  issued  from  the  initial  learning  base 
is  of  great  importance. 

In  the  second  simulation,  this  criteria  in  integrated. 
Obtained  results,  shown  in  figure  3,  are  extremely 
encouraging  in  terms  of  the  quality  of  the  obtained 
thematic  maps.  The  use  of  homogeneity  criterion  based  on 
the  Nagao  windows  permits  to  preserve  edges  in  thematic 
maps.  Obtained  results  show  that  tliis  approach  has 
permitted  to  considerably  improve  the  classification 
process  in  terms  of  generalization. 

As  can  be  noticed  from  figure  3,  after  15  iterations 
(where  each  class  is  represented  by  1600  pixels),  tliis 
approach  has  converged  in  the  sense  that  further  iterations 
will  not  improve  the  quality  of  the  obtained  thematic  map. 


IV  -  Conclusions : 

In  this  study,  we  have  shown  a  new  approach 
permitting  the  integration  of  contextual  information  in  the 
phase  of  the  learning  data  base  forming.  Several 
assumptions  are  made  in  order  to  validate  the  new 
learning  patterns.  The  only  a  prior  information  used 
through  this  approach  concerns  the  selection  of  the  initial 
learning  data  base  as  well  as  the  number  of  thematic  land 
covers  (classes). 

Recall  that  this  approach  is  completely  independent  of 
the  classification  method  used.  Therefore,  it  may 
constitute  a  new  methodology  in  forming  learning  basis 
that  can  be  used  in  any  type  of  classification  including  the 
neural  network  classification  approach. 


Figure  3  :  Obtained  thematic  maps  : 

(a)  using  the  initial  learning  base(100pixel.s/class), 

(b)  after  one  iteration  (200  pixels/class), 

(c)  after  10  iteration  (1100  pixels/class),  and, 

(d)  after  15  iteration  (1600  pixels/class). 
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Abstract-Some  important  spatial  scaling  issues  associated 
with  remote  sensing  of  vegetation  are  addressed.  These  include 
estimation  of  leaf  optical  properties  and  canopy  parameters 
such  as  LAI,  land  cover  and  vegetation  type  from  reflectances 
of  a  scene.  Based  on  relationship  between  canopy  architecture 
and  canopy  reflectance,  we  discuss  why  the  above  goals  are 
easier  to  achieve  for  a  homogeneous  canopy/scene  and  very 
difficult  for  a  heterogeneous  one.  Some  preliminary  thoughts 
on  new  algorithms  which  may  succeed  for  the  heterogeneous 
scene  are  presented. 

INTRODUCTION 

The  reflectance  of  a  leaf  depends  on  the  optical  properties 
of  its  constituents  (chrolophyll,  water  etc.)  and  how  they  are 
structurally  arranged  within  the  leaf.  The  reflectance  of  a  cano¬ 
py,  in  turn,  depends  on  the  optical  properties  of  its  constituents 
(leaves,  branches  etc.)  and  how  they  are  structurally  placed 
within  the  canopy.  The  reflectance  of  a  scene,  on  a  kmxkm 
level,  depends  upon  the  reflectance  of  its  components  (cano¬ 
pies)  and  scene  composition. 

There  are  two  kinds  of  spatial  scaling  problems  related  to 
remote  sensing:  scaling  up-calculating  canopy/scene  reflect¬ 
ance,  given  information  on  optical  and  structural  properties  of 
its  constituents  and  scaling  down-extracting  information  on 
constituents  from  measured  scene  reflectance.  Remote  sensing 
of  the  Earth’s  surface  is  a  scaling  down  problem. 

One  approach  to  assess  if  one  would  succeed  in  a  scaling 
down  problem  is  to  investigate  the  corresponding  scaling  up 
problem.  For  example,  if  one  finds  that  the  scene  reflectance 
is  not  sufficiently  sensitive  to  changes  in  the  optical  properties 
of  the  leaves,  one  should  not  hope  to  estimate  changes  in  the 
chemical  properties  of  the  leaves  from  the  scene  reflectance 
data.  Even  with  sufficient  sensitivity,  there  is  another  issue. 
In  remote  sensing,  the  number  of  canopy  parameters  which 
affect  scene  reflectance  generally  exceeds  the  number  of  "infor¬ 
mationally  independent"  remote  measurements  (in  a  few  wave¬ 
lengths  and  for  a  few  solar/view  directions).  Thus,  for  an  accu¬ 
rate  estimation  for  a  specific  parameter,  one  needs  a  procedure 
and  appropriate  optimal  remote  sensing  conditions  in  which  the 
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influences  of  other  canopy  parameters  are  least  likely.  We  refer 
to  it  as  an  optimal  sampling  domain  (OSD). 

Here,  we  summarize  some  scaling  results  for  both  homoge¬ 
neous  and  heterogeneous  vegetation  stands,  and  make  inferences 
about  the  chances  for  success  in  remote  sensing  of  vegetation. 

ESTIMATION  OF  VEGETATION  PROPERTIES 
FROM  CANOPY  REFLECTANCE 

During  the  last  thirty  years,  especially  during  the  last  decade, 
a  number  of  models  have  been  developed  which  allow  scaling 
up  studies  up  to  a  canopy  level.  These  models  are  most  accu¬ 
rate  for  homogeneous  canopies  and  their  accuracy  decreases 
with  an  increase  in  the  canopy  heterogeneity.  Likewise,  several 
approaches  for  estimating  leaf  or  canopy  level  parameters  (scal¬ 
ing  down)  from  canopy/scene  reflectance  have  been  investi¬ 
gated  including  inversion  of  a  scaling  up  canopy  reflectance 
model,  use  of  vegetation  indices  (Vis)  like  NDVI,  and  training 
neural  networks  using  measurements  about  canopy  parameters 
and  corresponding  canopy  reflectances  for  a  variety  of  cano¬ 
pies.  We  will  now  present  our  views  about  the  feasibility  of 
accurate  assessment  of  various  canopy  parameters  and  the 
corresponding  OSD. 

Leaf  Optical  Properties 

Leaf  optical  properties  are  good  indicators  for  the  status  of 
the  health  of  vegetation.  By  using  the  derivative  D^dR/dp 
(where  R  is  the  canopy  directional  reflectance  and  p  is  the  leaf 
hemispheric  reflectance),  one  can  evaluate  the  feasibility  and 
OSD  for  estimating  p.  Obviously,  the  larger  is  D,  the  higher 
is  the  possibility  to  estimate  p  (when  the  derivative  is  less  than 
1.0  in  a  given  spectral  region,  one  should  not  hope  to  extract 
p  from  canopy  reflectances  in  that  region).  We  use  the  SAIL 
model,  modified  to  include  hotspot  effects  [1],  to  calculate  D 
for  homogeneous  canopies.  We  find  that  (1)  the  higher  the  LAI 
or  p,  the  larger  is  the  derivative  (easier  to  estimate  p);  (2)  D 
is  less  than  1 .0  for  nadir  viewing,  independent  of  solar  direction 
(Fig.  1)  and  increases  with  an  increase  of  view/sun  zenith  angle. 
Therefore,  it  is  unlikely  to  estimate  p  from  nadir  reflectance; 
(3)  values  of  D  in  the  hotspot  direction  at  a  high  solar  zenith 
angle  (SZA)  is  much  larger  than  for  other  view  directions 
(Fig.2).  This  suggests  that  hotspot  direction  at  a  high  SZA  is 
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the  OSD  for  leaf  optical  property  estimation;  and  (4)  D  increa¬ 
ses  with  p,  suggesting  that  leaf  optical  property  estimation  is 
more  accurate  in  the  near-infrared  (NIR)  region  than  in  the 
visible  one. 

Canopy  Architectural  Parameters 

We  used  a  model  Diana  [2],  a  radiosity  based  model  for  cal¬ 
culating  radiation  regime  in  architecturally  realistic  canopies, 
for  scaling  up  studies  for  both  homogeneous  and  heterogeneous 
canopies  (like  com  and  aspen).  In  these  studies,  we  vary  vari¬ 
ous  canopy  architectural  parameters  and  calculate  how  the 
relationship  between  canopy  reflectance/VI  and  a  parameter  of 
interest  changes  when  other  parameters  are  changed.  The  details 
are  given  in  [3-4]. 

To  find  the  OSD  for  a  specific  parameter  of  interest,  a  sig- 
nal-to-noise  ratio  [3]  is  applied  as  an  indicator  to  evaluate  the 
usefulness  of  all  possible  view  angles  in  a  given  view  plane 
(e.g.,  PP-the  principal  plane  or  PC-the  principal  cone,  both 
being  considered  as  most  informative  view  planes).  OSDs  for 
estimating  leaf  area  index  (LAI)  or  percentage  ground  cover 
(GO),  vegetation  type  (using  leaf  size  as  an  index  for  identifica¬ 
tion)  and  Fapar  (fraction  of  the  incident  photosynthetically  ac¬ 
tive  radiation  absorbed  by  the  canopy)  are  summeuized  below. 

LAI:  OSD  exists  only  for  uniform  canopies  (e.g.,  grasslands, 
crops  without  distinct  row  stmcture)  and  there  is  a  possibility 
to  estimate  LAI  for  such  a  canopy.  The  major  "noise"  factors 
to  LAI  estimation  are  soil  brightness  and  leaf  angle  distribution 
(LAD).  Due  to  the  insensitivity  of  spectral  reflectance  at  high 
solar/view  zenith  angles  to  LAD,  the  OSD  exists  in  the  view 
directions  with  high  zenith  angles  in  backscattering  region  at 
a  high  SZA.  If  VI  method  is  used  for  the  estimation,  there  are 
two  indices  which  are  better  than  others  [3]. 

GC:  Although  LAI  is  unlikely  to  be  estimated  for  heteroge¬ 
neous  vegetation,  GC  still  can  be  estimated  if  reflectance  at  a 
low  view  zenith  angle  (VZA)  in  the  forward  scattering  region 
is  used,  regardless  of  SZA. 

Leaf  Size:  The  relative  leaf  size  may  be  useful  for  identifying 
vegetation  type.  It  ranges  from  0.02  to  0.12  for  tree  canopies 
and  0. 1  to  0.4  for  most  crop  canopies.  It  can  be  estimated  by 
using  the  normalized  reflectance  (preferably  in  NIR  wavebands) 
in  the  hotspot  region  (usually  in  the  PC)  [4].  Most  of  the  time 
the  OSD  is  within  ±2°  off  the  hotspot  direction  at  a  high  SZA. 
For  a  crop  canopy  or  a  tree  or  leaf  canopy  with  low  LAI,  this 
task  is  easy  to  achieve.  But  for  a  tree  canopy  with  unknown 
LAI  and  spacing,  it  seems  unlikely  that  one  can  estimate  leaf 
size  from  canopy  reflectance. 

Fapar:  There  exist  near-linear  relationships  between  Fapar  and 
most  vegetation  indices  for  crops  and  trees  [2].  But  these 


relations  vary  strongly  with  soil  brightness  and  sun  and/or  view 
geometries.  We  find  that  in  OSD  other  Vis,  rather  than  NDVI, 
are  preferred  for  estimating  Fapar  because  they  are  least  sensi¬ 
tive  to  the  soil  brightness  and  other  parameters.  In  the  PP  the 
OSD  is  almost  identical  with  a  high  VZA  region,  depending 
on  vegetation  type  and  sun-view  geometry  [3]. 

Plant/tree  size/shape:  We  find  that  there  is  no  OSD  for  these 
parameters  even  off-nadir  reflectance  data  are  used,  making 
their  estimation  from  canopy  reflectance  highly  unlikely. 

ISSUES  AT  SCENE  LEVEL 

For  a  scene,  there  are  several  levels  of  heterogeneity  in 
nature-different  vegetation/community  types  (with  different  op¬ 
tical/morphological  properties)  or  even  different  kinds  of  land¬ 
scape.  We  are  in  the  process  of  analyzing  the  canopy  parameter 
estimation  at  a  scene  level.  But  here  we  can  provide  a  glimpse 
of  the  complications  through  comparing  some  results  for  two 
types  of  heterogeneous  vegetation-crops  and  trees. 

For  these  canopies,  we  chose  the  spacing  distance  between 
trees  (or  between  adjacent  rows)  as  small  (0.5h,  h  is  the  mean 
canopy  height),  medium  (1.0/?)  and  large  (1.5/?).  We  examined 
the  variation  of  reflectance  in  both  red  and  NIR  regions  and 
the  corresponding  NDVI  for  the  same  LAI  but  different  spac- 
ings.  Two  SZAs  (10  and  60°)  and  five  VZAs  (0,  ±30,  ±60°) 
in  the  PP  are  considered. 

The  results  (Figs.3-4  show  two  cases)  suggest  that  (1)  with 
the  same  spacing  pattern,  reflectance  for  tree  canopies  varies 
much  more  than  for  crops  (e.g.,  for  high  LAI  crops  at  a  high 
SZA,  the  influence  of  spacing  can  be  ignored  but  not  for  trees); 
(2)  reflectance  and  NDVI  at  a  low  SZA  are  more  sensitive  to 
the  heterogeneity  of  canopy  than  those  at  a  high  SZA;  (3)  for 
tree  canopies,  higher  the  LAI,  the  stronger  is  the  influence  of 
spacing;  (4)  the  impact  of  spacing  also  varies  with  the  view 
geometry,  being  much  stronger  in  the  backscattering  region 
than  in  the  forward  scattering  region.  Therefore,  among  these 
five  VZAs,  the  reflectance  or  NDVI  at  -30°  (forward  scattering 
side)  is  least  affected  by  spacing  (Fig.4). 

When  spacing  is  small,  the  red  reflectance  or  NDVI  only  de¬ 
pends  on  LAI,  almost  independent  of  the  vegetation  type,  SZA, 
and  even  VZA  except  in  the  hotspot  direction.  While  for  NIR 
in  the  least  sensitive  view  direction  (-30°  here),  the  variation 
of  reflectance  is  very  small  (±0.05)  if  spacing  is  larger  than  the 
canopy’s  height.  This  result  shows  that  effect  of  heterogeneity 
is  also  spectral  dependent.  For  the  scene  concerned  here  (only 
consisting  of  two  vegetation  types),  only  when  the  spacing  is 
small,  can  the  canopy  be  considered  homogeneous  for  red  and 
NDVI  but  not  for  NIR.  The  strongest  influence  of  spacing 
occurs  for  the  tree  canopies  with  high  LAI  at  a  low  SZA, 
where  reflectance  in  the  red  (NIR)  increases  (decreases) 
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significantly  with  increasing  of  spacing.  As  a  result,  NDVI 
decreases  dramatically  (from  0.85  to  0.45)  as  spacing  increases 
even  when  LAI  is  kept  constant.  Undoubtedly,  the  above 
influences  of  spacing  on  reflectance  and  Vis  (here  using  NDVI 
as  an  example)  will  affect  the  applicability  and  extent  of  results 
and  conclusions  of  any  study  limited  to  crops  and  grasslands. 

To  succeed  in  extraction  of  scene  parameters,  one  need  sim¬ 
ple  scaling  up  approaches  for  scenes.  For  a  tree  canopy  with 
quite  large  spacing,  geometric-optical  models  [5]  are  available. 
However,  such  models  are  applicable  to  scenes  consisting  of 
single  species,  dense  tree  crowns  and  not  to  the  mixed  scene 
consisting  of  vegetation,  water  body  and  other  land  types.  Due 
to  the  strong  impact  of  heterogeneity  discussed  above,  it  is  de¬ 
sirable  to  develop  more  powerful  and  flexible  models  to  simu¬ 
late  the  directional  reflectance  from  such  a  scene.  An  approach 
could  be  to  first  divide  the  whole  scene  into  several  uniform 
sub  scenes,  calculate  BRDF  of  each  subscene,  and  then  "couple" 
BRDF’s  of  neighboring  subscenes  in  an  input-output  relation¬ 
ship  mode.  Here,  approximating  BRDF  by  a  set  of  spherical 
harmonics  [6]  would  be  computationally  advantageous. 
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Fig.  1  Derivative  (D)  of  canopy  reflectance  vs.  leaf  reflectance 
(rho)  for  homogeneous  canopies,  spherical  LAD,  and  four 
LAIs.  SZA=  60°  and  nadir  viewing. 

Fig.  2  As  Fig.l  except  for  the  hotspot  direction. 

Fig.  3  Canopy  reflectances  and  NDVI  for  crop  and  tree  cano¬ 
pies  for  three  spacings  for  VZA=0°  (nadir  viewing). 

Fig.  4  As  Fig.3  except  for  VZA=-30°  (PP). 
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Abstract  -  A  new  methodology  for  automatic  mapping 
from  Landsat  Thematic  Mapper  (TM)  and  terrain  data, 
based  on  the  fuzzy  ARTMAP  neural  network,  is 
developed.  System  capabilities  are  tested  on  a  challenging 
remote  sensing  classification  problem,  using  spectral  and 
terrain  features  for  vegetation  classification  in  the 
Cleveland  National  Forest.  After  training  at  the  pixel 
level,  system  capabilities  are  tested  at  the  stand  level, 
using  sites  not  seen  during  training.  Results  are  compared 
to  those  of  maximum  likelihood  classifiers,  as  well  as 
back  propagation  neural  networks  and  K  Nearest 
Neighbor  algorithms.  ARTMAP  dynamics  are  fast,  stable, 
and  scalable,  overcoming  common  limitations  of  back 
propagation,  which  did  not  give  satisfactory  performance. 
Best  results  are  obtained  using  a  hybrid  system  based  on  a 
convex  combination  of  fuzzy  ARTMAP  and  maximum 
likelihood  predictions.  Fuzzy  ARTMAP  automatically 
constructs  a  minimal  number  of  recognition  categories  to 
meet  accuracy  criteria.  A  voting  strategy  improves 
prediction  by  training  the  system  several  times  on 
different  orderings  of  an  input  set.  Voting  assigns 
confidence  estimates  to  competing  predictions. 

NEURAL  NETWORKS  AND  REMOTE  SENSING 

Mapping  vegetation  from  satellite  remote  sensing  data  has 
been  an  active  area  of  research  and  development  over  a 
twenty  year  period  [1].  Classification  of  multispectral 
imagery  has  proven  useful  for  many  mapping  purposes 
[2]  but  has  often  been  unsuccessful  at  differentiating 
species-level  vegetation  classes.  Factors  that  contribute  to 
these  problems  include  the  effects  of  local  topography, 
background  reflectance  from  soils  or  understory 
vegetation,  high  within-class  variance  due  to  the  structure 
and  patchiness  of  vegetation  canopies,  and  the  limitations 
of  classification  methodologies.  To  help  differentiate 
vegetation  types  at  the  species  level,  ancillary  data  have 
often  been  used,  and  it  is  now  common  to  use  topographic 
variables  such  as  elevation,  slope,  and  aspect  in  predictive 
models  [3].  Mapping  systems  that  use  spectral  and 
ancillary  data  typically  resemble  rule-based  expert 
systems  [4].  Recently,  neural  networks  have  become  one 
of  the  most  exciting  developments  with  respect  to 
improvements  in  classification.  This  paper  summarizes 
work  that  uses  the  fuzzy  ARTMAP  neural  network  [5]  as 
the  basis  of  a  systematic  methodology  for  automatic 
classification  of  vegetation  at  the  species  level  from 
multispectral  and  ancillary  data  [6]. 
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REMOTE  SENSING  TESTS 

Cleveland  National  Forest  test  stand  data  -  The  data  set 
from  the  Cleveland  National  Forest  identifies  the 
CALVEG  vegetation  class  for  209  sites,  representing  17 
vegetation  classes.  The  primary  goal  of  this  study  is  to 
develop  and  compare  automated  classification  methods  for 
large-scale  remote  sensing  applications.  In  order  to  focus 
on  the  methods,  the  selected  prediction  problem  could  not 
be  too  easy,  but  neither  could  it  be  dominated  by  noise  or 
chance.  The  test  data  set  examined  here  thus  excludes 
vegetation  classes  represented  by  only  a  few  sites,  leaving 
8  vegetation  classes  (mixed  conifer,  canyon  live  oak,  coast 
live  oak,  chamise,  scrub  oak,  red  shanks,  and  southern 
and  northern  mixed  chaparral)  and  163  sites.  The 
prediction  problem  remains  challenging  and  realistic:  the 
pixel-based  (25m  x  25m)  remotely  sensed  data  are 
typically  noisy  and  unreliable;  the  number  of  training  set 
sites  (143)  is  small  relative  to  the  number  of  classes  (8); 
some  of  the  vegetation  classes,  such  as  the  three  different 
types  of  oak,  are  likely  to  have  similar  features;  and  the 
actual  vegetation  at  each  site,  where  sites  range  in  size 
from  9  to  610  pixels  (5,625  -  381,250  m^),  is,  in  all 
likelihood,  not  a  pure  sample  of  just  one  class. 

Input  variable  combinations  -  For  each  pixel,  the 
Cleveland  Forest  data  set  provides  6  Landsat  Thematic 
Mapper  (TM)  band  values,  3  linear  combinations  of  the 
TM  band  values,  and  4  terrain  variables.  The  three  linear 
combinations  of  TM1-5&7  reflect  brightness  (B), 
greenness  (G),  and  wetness  (W).  Finally,  four  terrain 
variables  -  slope  (SL),  aspect  (A),  shade  (SH),  and 
elevation  (E)  -  were  derived  from  digital  elevation 
models,  warped  to  fit  the  Landsat  image. 

Tests  focus  primarily  on  fuzzy  ARTMAP  and 
maximum  likelihood  performance  on  data  sets  for  which 
input  a  provides  only  the  6  TM  values  (combo  1)  and  on 
data  sets  for  which  a  provides  all  13  input  variables 
(combo  2)  (Table  1).  On  tests  that  use  each  of  these  input 
variable  combinations,  basic  fuzzy  ARTMAP  and 
maximum  likelihood  (Table  1  .A)  have  similar  predictive 
accuracies:  approximately  45-46%  with  the  6  TM  input 
variables  and  54-57%  with  all  13  variables.  On  data  sets 
that  provide  various  subsets  of  the  13  input  variables, 
performance  of  the  two  systems  can  differ  significantly. 
For  example,  when  pixel  inputs  provide  only  the  3  linear 
combinations  B,  G,  W  (combo  3),  maximum  likelihood 
performance  drops  to  40%  while  fuzzy  ARTMAP 
performance  increases  to  48%. 

The  patterns  in  the  results  of  maximum  likelihood 
classification  as  a  function  of  inputs  are  consistent  with 
past  experience  in  remote  sensing.  Raw  spectral  bands 
have  frequently  produced  better  results  than  transforms 
such  as  brightness,  greenness,  and  wetness.  Similarly, 
combining  the  linearly  transformed  variables  brightness, 
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greenness,  and  wetness  with  the  original  spectral  bands 
yields  no  improvement. 

The  results  of  fuzzy  ARTMAP  classification  are 
strikingly  different,  with  the  brightness,  greenness,  and 
wetness  transforms  resulting  in  better  performance  than 
the  original  spectral  bands  (combo  3).  Even  more 
divergent  from  maximum  likelihood  is  the  improved 
performance  when  fuzzy  ARTMAP  uses  both  the  six 
spectral  bands  and  the  three  linear  transforms  of  the 
spectral  band  variables.  One  of  the  most  interesting 
results  of  these  tests  is  the  increase  in  fuzzy  ARTMAP 
performance  from  44.7%  to  51.9%  when  linear 
transforms  are  combined  with  the  original  spectral  band 
inputs  (combo  6).  This  result  is  in  direct  contrast  with 
statistically-based  classifiers.  It  also  emphasizes  the 
importance  of  selection  of  input  features  and  suggests  that 
performance  might  be  further  enhanced  by  other 
unknown  transforms.  Ancillary  variables  affect  maximum 
likelihood  and  fuzzy  ARTMAP  performance  similarly  in 
the  present  studies. 

K  nearest  neighbor  and  back  propagation  tests  -  The  K 
nearest  neighbor  (KNN)  alprithm  [7]  was  also  tested  on 
the  6-variable  and  13-variable  input  sets  (Table  l.B). 
Predictive  accuracy  was  similar  to  that  of  fuzzy 
ARTMAP  and  maximum  likelihood,  varying  somewhat 
with  the  number  of  neighbors  (K)  chosen  during  testing. 
However,  KNN  needs  to  store  all  training  set  pixel 
vectors  (approximately  10,000),  while  fuzzy  ARTMAP 
compresses  memory  by  a  factor  of  8  for  combo  1, 
creating  about  1200  ARTa  categories  during  learning. 
Remarkably,  using  all  13  input  variables,  the  average 
number  of  ARTa  categories  drops  to  208,  giving  a 
compression  ratio  of  48:1  compared  to  KNN. 

Although  the  back  propagation  neural  network  has 
been  applied  successfully  to  remote  sensing  classification 
problems  (e.g.,  [8]),  back  propagation  performance  was 
not  satisfactory  on  the  present  remote  sensing  problem. 
On  combo  1,  with  TM1-5&7  as  inputs,  correct  prediction 
rates  ranged  from  22%  to  46%  as  the  number  of  hidden 
units  ranged  from  15  to  60.  The  best  test  set  prediction 
rate,  obtained  using  30  hidden  units,  was  comparable  to 
the  average  performance  rates  of  maximum  likelihood, 
KNN,  and  fuzzy  ARTMAP.  In  general,  back  propagation 
requires  slow  learning  and  many  presentations  of  each 
input,  while  fuzzy  ARTMAP  learning  is  fast  and 
incremental,  or  “on-line.”  In  addition,  choosing  the 
number  of  hidden  units  and  optimizing  the  architecture 
typically  require  extensive  simulation  studies.  Fuzzy 
ARTMAP  is  thus  particularly  well  suited  to  ongoing 
training  in  situations  where  new  information  continues  to 
arrive  during  use. 

Site-level  voting  -  ARTMAP  voting,  where  voters  decide 
on  a  prediction  for  each  pixel,  can  boost  performance  by 
3-4%.  For  mapping  problems,  however,  a  site  or  region 
fixes  a  more  appropriate  measurement  scale  than 
individual  pixels.  On  the  large-scale  remote  sensing  tests 
in  this  section,  voting  at  the  site  level,  rather  than  the 
pixel  level,  proved  to  be  the  more  successful  of  the  two 
methods.  For  site-level  voting,  a  number  of  fuzzy 
ARTMAP  networks  are  trained  on  a  given  input  set,  each 


Table  1.  Test  results 

A  Basic  maximum  likelihood  and  fuzzy  ARTMAP 


Combo 

Input 

%  Correct 

%  Correct  + 

# 

variables 

maximum 

(#  F 

2  nodes) 

1 

TM1-5&7 

likelihood 

46 

fuzzy  ARTMAP 

44.7  (1203  cats) 

2 

TM1-5&7 

54 

57.2 

(208  cats) 

3 

B,G,  W 

SL,  A,  SH,  E 
B,G,  W 

40 

48.1 

(1145  cats) 

4 

TM1-5&7 

54 

47.2 

(365  cats) 

5 

SL,  A,  SH,  E 
TM1-5&7 

54 

48.5 

(392  cats) 

6 

SL,  A,  E 
TM1-5&7 

46 

51.9 

(595  cats) 

7 

B,  G,  W 

B,  G,  W 

52 

56.6 

(259  cats) 

SL,  A,  SH,  E 

B  K  Nearest  Neighbor  (KNN) 
Combo  #  K=1  K=5 

K=10 

1 

44.3% 

47.0% 

44.0% 

2 

56.0% 

54.0% 

56.0% 

C  Confidence  thresholds  and  site-level  voting 
Combo  1  (6  variables) 

Maximum  likelihood  Fuzzy  i^TMAP 

CT=-oo  CT=-21.6  Pa=0  Pa=0.87  Pa=0.87,  5  voters 
46.0%  48.8%  44.7%  46.4%  48.6% 

Combo  2  (13  variables) 

Maximum  likelihood  Fuzzy  ARTMAP 

CT=-«'  CT=10.0  Pa=0  pa=0,  5  voters 

54.0%  56.5%  57.2%  60.0% 

with  the  inputs  presented  in  a  different  randomly  chosen 
order.  Each  voter  then  predicts  the  vegetation  class  of 
each  test  set  site.  Finally,  then,  the  class  prediction  for 
each  site  is  taken  to  be  the  one  made  by  the  largest 
number  of  voters. 

Rejecting  low-confidence  predictions  -  Performance 
accuracy  of  fuzzy  ARTMAP  and  maximum  likelihood  can 
be  boosted  by  adding  a  confidence  threshold,  allowing 
only  high-confidence  test  set  pixels  to  participate  in  the 
site-level  vegetation  class  decision.  For  fuzzy  ARTMAP 
the  matching  criterion  imposed  by  a  baseline  vigilance 
parameter  p^  provides  a  natural  confidence  threshold  For 
maximum  likelihood,  given  a  pixel  input,  the  discriminant 
function  value  (DFV)  for  each  vegetation  class  must 
exceed  a  confidence  threshold  (CT)  before  that  pixel  may 
participate  in  a  site-level  prediction. 

Fuzzy  ARTMAP  results  were  found  to  be  fairly 
constant  across  wide  p„  intervals.  Moderate  threshold 
levels  boosted  performance  somewhat  when  training 
produced  many  categories,  as  in  the  6-variable  tests 
(combo  1)  (Table  l.C).  As  the  threshold  increases,  at 
some  point  performance  tends  to  increase  for  a  short 
interval,  then  drop  steeply,  when  the  threshold  is  set  so 
high  that  many  useful  predictions  are  discarded.  With 
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both  combo  1  and  combo  2,  maximum  likelihood 
performance  shows  a  similar  trend  as  the  confidence 
threshold  increases.  In  contrast,  on  the  13-variable  input 
set  (combo  2),  setting  pa=0  gives  optimal  performance, 
and  performance  begins  to  drop  significantly  for  Pa>0,5. 
Hybrid  fuzzy  ARTMAP  /  maximum  likelihood 
classification  system  -  The  system  variation  with  the  best 
performance  combines  the  predictions  of  trained  fuzzy 
ARTMAP  and  maximum  likelihood  systems.  The  success 
of  this  method  is  due  to  the  observation  that  the  two 
classifiers  tend  to  make  predictive  errors  in  somewhat 
different  circumstances.  For  example,  in  combo  1  tests  (6 
variables),  fuzzy  ARTMAP  makes  more  errors  trying  to 
identify  red  shanks  sites  than  does  maximum  likelihood. 
Both  classifiers  do  well  on  mixed  conifer  sites,  but  both 
do  poorly  on  canyon  live  oak  and  northern  mixed 
chaparral.  An  ideal  hybrid  system  would  choose  the  right 
decision  when  the  two  disagree,  but  designing  such  an 
optimal  combination  for  a  given  problem  would  require  a 
priori  knowledge  of  the  test  set.  Of  a  variety  of  hybrid 
algorithms  tested,  all  showed  some  improvement  over  that 
of  the  individual  systems.  The  hybrid  that  consistently 
gave  best  results  took  a  convex  combination  of  the  two 
systems’  site-level  predictions,  as  follows. 

To  select  from  the  8  vegetation  classes,  maximum 
likelihood  generates  a  prediction  for  each  of  the  pixels  in 
a  site.  Those  pixels  for  which  a  definitive  prediction  is 
made  (i.e.,  not  an  “inconclusive”  response)  can  form  a 
vector  with  components  equal  to  the  fraction  of  definitive 
pixels  in  that  site  assigned  to  each  of  the  8  classes.  An 
analogous  prediction  vector  for  fuzzy  ARTMAP  lists  the 
fraction  of  voters  choosing  each  class.  A  convex 
combination  of  the  two  vectors,  giving  weight  y  to  fuzzy 
ARTMAP  and  (1-y)  to  maximum  likelihood,  forms  the 
hybrid  prediction  vector. 

To  test  performance  improvement  of  a  hybrid,  fuzzy 
ARTMAP  and  maximum  likelihood  systems  were  chosen 
to  maximize  individual  system  performance  accuracy.  For 
combo  1,  fuzzy  ARTMAP  with  5  voters  and  =  0.87 
gave  48.6%  correct  predictions,  while  maximum 
likelihood  with  CT  =  -21.6  was  48.8%  correct  (Table 
l.C).  A  convex-combination  hybrid  with  y=  0.6,  which 
gives  60%  weight  to  fuzzy  ARTMAP,  improved  test  set 
performance  to  50.6%.  With  y-  0.4,  which  gives  60% 
weight  to  maximum  likelihood,  performance  was  almost 
as  high,  50.38%  correct.  With  y=  0.6,  the  hybrid  system 
allows  maximum  likelihood  predictions  of  red  shanks  and 
southern  mixed  chaparral  sites  to  dominate  the  distributed 
(and  largely  incorrect)  fuzzy  ARTMAP  predictions  for 
these  classes.  For  coast  live  oak  sites  and  northern  mixed 
chaparral,  fuzzy  ARTMAP  compensates  for  a  number  of 
the  maximum  likelihood  errors.  At  canyon  live  oak  sites, 
where  the  two  systems  make  the  same  errors,  hybrid 
prediction  is  no  better. 

For  combo  2,  with  all  13  variables,  fuzzy  ARTMAP 
with  5  voters  and  p^  =  0.0  gave  60.0%  correct 
predictions,  while  maximum  likelihood  with  CT  =  10.0 
was  56.5%  correct  (Table  l.C).  Since  optimal 
performance  of  the  two  systems  now  differs  by  3.5%, 


some  hybrids  do  not  give  better  predictions  than  fuzzy 
ARTMAP  alone.  Nevertheless,  a  convex  combination  with 
Y  =  0.6  again  gave  the  best  performance,  boosting 
accuracy  to  61.1%.  However,  giving  60%  weight  to 
maximum  likelihood  (y  =  0.4)  brought  performance  back 
down  to  the  level  of  maximum  likelihood  alone. 

CONCLUSION 

This  paper  provides  an  introduction  to  the  fuzzy 
ARTMAP  neural  network  in  the  context  of  remote 
sensing  classification  problems.  First,  the  use  of  a  voting 
strategy  improves  prediction  by  training  fuzzy  ARTMAP 
several  times  on  different  orderings  of  an  input  set.  This 
strategy  assigns  confidence  estimates  to  competing 
predictions.  Second,  fuzzy  ARTMAP  and  maximum 
likelihood  perform  differently  for  different  combinations 
of  input  variables.  Fuzzy  ARTMAP  performance 
increases  using  brightness,  greenness,  and  wetness  as 
compared  to  the  original  spectral  bands,  and  increases 
even  more  when  these  are  combined.  Ancillary  inputs 
improve  maximum  likelihood  and  fuzzy  ARTMAP  by 
similar  amounts.  Third,  a  hybrid  fuzzy  ARTMAP  and 
maximum  likelihood  classification  system  can  improve 
overall  predictive  accuracy  since  the  two  classifiers  tend 
to  make  somewhat  different  predictive  errors.  Fourth, 
results  from  a  group  of  pixels  pooled  together  form 
mappings  across  functional  regions  or  sites,  and  site-level 
predictions  are  more  accurate  and  functionally  useful  than 
pixel-level  predictions. 
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Abstract  -  Decision  tree  classification  procedures  have  been 
largely  overlooked  in  remote  sensing  applications.  In  this  pa¬ 
per  we  compare  the  classification  performance  of  three  types 
of  decision  trees  across  three  different  data  sets.  The  clas¬ 
sifiers  that  are  considered  include  a  univariate  decision  tree, 
multivariate  decision  tree,  and  a  hybrid  decision  tree.  Results 
from  an  n-fold  cross-validation  procedure  show  that  for  some 
datasets  all  the  decision  trees  perform  comparably,  but  for  other 
datasets  hybrid  decision  tree  classifiers  are  superior  because  of 
their  ability  to  handle  complex  relationships  among  feature  at¬ 
tributes  and  class  labels. 

INTRODUCTION 

Land  cover  and  land  cover  change  represent  key  controls 
on  Earth  system  processes  including  biogeochemical  cycles, 
the  annual  cycles  and  spatial  distribution  of  plant  biomass  and 
respiration,  and  coupling  between  the  atmosphere  and  the  bio¬ 
sphere  [1].  Remote  sensor  data  collected  from  satellites  pos¬ 
sess  a  variety  of  desirable  attributes  for  large-scale  land  cover 
mapping.  These  attributes  include  repetitive  coverage  of  the 
Earth’s  land  surfaces,  multispectral  data  acquisition,  and  multi- 
angular  sensor  viewing  geometries.  Traditional  approaches  to 
automated  land  cover  mapping  using  remote  sensor  data  have 
employed  pattern  recognition  techniques  including  both  super¬ 
vised  and  unsupervised  approaches  [2]. 

Decision  tree  classification  techniques  have  been  used  suc¬ 
cessfully  for  a  wide  range  of  classification  problems,  but  have 
been  largely  overlooked  by  the  remote  sensing  community.  In 
this  paper,  we  assess  the  utility  of  decision  tree  classification 
algorithms  for  the  task  of  land  cover  mapping  from  remotely 
sensed  data.  The  techniques  described  here  have  substantial  ad¬ 
vantages  for  this  problem  because  of  their  flexibility,  intuitive 
simplicity,  and  computational  efficiency. 

DECISION  TREE  ALGORITHMS 

A  decision  tree  is  a  classification  procedure  that  recursively 
partitions  a  data  set  into  smaller  sub-divisions  based  on  a  set 
of  tests  defined  at  each  node  in  the  tree.  The  tree  is  composed 
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of  a  root  node  (formed  from  all  of  the  data),  a  set  of  interme¬ 
diate  nodes  (splits),  and  a  set  of  terminal  nodes  (leaves).  Each 
node  in  a  decision  tree  has  only  one  parent  node,  and  two  or 
more  descendant  nodes.  In  this  framework,  a  data  set  is  clas¬ 
sified  by  sequentially  sub-dividing  it  according  to  the  decision 
framework  defined  by  the  tree,  and  class  labels  are  assigned 
to  each  observation  according  to  the  leaf  node  into  which  the 
observation  falls.  To  construct  an  accurate  decision  tree  a  set 
of  training  samples  representative  of  the  population  must  be 
available. 

Key  Issues  in  Estimating  Decision  Trees 

For  any  given  type  of  decision  tree,  a  variety  of  factors  related 
to  the  implementation  of  the  training  algorithm  will  influence 
the  classification  performance  of  the  estimated  decision  tree. 
These  factors  include  the  different  partition  merit  criteria  that 
can  be  used  to  measure  the  “goodness  of  a  split”  [3],  and 
the  specific  algorithm  that  is  used  to  perform  feature  selection 
at  an  internal  node  [4].  Further,  a  key  step  in  any  decision 
tree  estimation  problem  is  to  correct  the  tree  for  overfitting  by 
pruning  the  tree  back.  Conventionally,  a  tree  is  grown  that 
classifies  all  training  observations  correctly.  However,  because 
the  tree  is  “overfit”  to  the  training  data,  which  may  contain  error, 
the  tree  must  be  pruned  back  to  reduce  classification  errors 
when  independent  data  are  classified  using  the  tree.  Common 
methods  for  pruning  trees  are  described  in  [5,  6]. 

For  this  work  we  consider  both  homogeneous  and  hybrid 
decision  tree  classifiers.  The  properties  of  both  of  these  classes 
of  trees  is  described  below.  Here,  we  examine  three  types 
of  decision  trees:  (1)  univariate  decision  trees,  (2)  multivari¬ 
ate  decision  trees,  and  (3)  hybrid  decision  trees;  and  evaluate 
their  performance  using  three  sets  of  remotely  sensed  data  with 
associated  land  cover  class  labels. 

Univariate  decision  trees 

A  univariate  decision  tree  (UDT)  is  a  decision  tree  where 
each  decision  boundary  defined  by  a  node  of  the  tree  is  repre¬ 
sented  by  a  single  feature  of  the  input  data.  At  each  test  node 
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in  a  UDT  the  data  are  split  into  two  more  subsets  based  on  a 
test  of  a  single  feature,  and  where  each  test  is  required  to  have  a 
discrete  number  of  outcomes.  In  this  framework,  A  UDT  clas¬ 
sification  proceeds  by  recursively  partitioning  the  input  data 
until  a  leaf  node  is  reached,  and  the  class  value  associated  with 
the  leaf  is  then  assigned  to  the  observation.  The  specific  values 
of  the  decision  boundaries  in  a  UDT  are  estimated  empirically 
from  training  data.  A  well  known  example  of  this  type  of 
approach  is  the  CART  model  described  in  [6]. 

Multivariate  Decision  Trees 

Multivariate  decision  trees  (MDTs)  are  similar  to  UDTs,  but 
the  test  at  any  node  may  be  based  on  more  than  one  feature  of 
the  input  data.  For  example,  we  may  split  the  data  based  on 
the  value  of  both  the  NDVI  and  surface  temperature.  To  do 
this,  a  set  of  linear  discriminant  functions  (LDF)  are  estimated 
at  each  interior  node  of  the  tree,  where  the  coefficients  for  the 
LDF  at  any  node  are  estimated  from  training  data.  MDTs  are 
often  more  compact,  and  may  also  be  more  accurate  than  UDTs 
[4]. 

Hybrid  decision  trees 

A  hybrid  decision  tree  (HBT)  is  a  decision  tree  where  differ¬ 
ent  classification  algorithms  may  be  used  in  different  sub-trees 
of  the  larger  tree.  Here,  we  use  a  system  named  the  Model 
Class  Selection  system  (MCS)  [7].  MCS  can  combine  up  to 
three  commonly  used  classification  algorithms  into  a  recursive 
tree-structured  hybrid  classifier.  These  algorithms  include  de¬ 
cision  trees,  linear  discriminant  functions  and  k-means  nearest 
neighbor  classifiers.  To  do  this,  MCS  employs  a  hill-climbing 
search  guided  by  a  set  of  heuristic  rules  to  estimate  a  HBT  using 
the  set  of  training  data.  As  part  of  this  implementation,  MCS 
applies  a  heuristic  pruning  procedure  to  ensure  that  the  result¬ 
ing  classifier  does  not  overfit  the  training  data  at  the  expense  of 
generalization. 

To  estimate  a  HBT  from  a  set  of  training  data,  a  knowl¬ 
edge  base  has  been  encoded  within  MCS.  This  knowledge 
base  defines  a  set  of  heuristic  rules  to  perform  automatic  al¬ 
gorithm  selection  depending  on  the  properties  of  the  data  (for 
details,  see  [7]).  These  rules  are  applied  recursively  to  the 
data  set  in  question  to  partition  it  within  the  framework  of  a 
HBT.  The  resultant  decision  tree  therefore  represents  a  clas¬ 
sification  structure  where  the  data  is  successively  partitioned 
into  smaller  sub-divisions,  and  where  different  classification 
algorithms  may  be  applied  to  each  subset. 

ANALYSIS 

The  general  objectives  of  this  work  are  to  present  the  basic 
properties  of  decision  tree  classification  algorithms,  and  to  as¬ 
sess  their  utility  for  the  purpose  of  land  cover  mapping  from 
remotely  sensed  data.  To  do  this  we  used  three  data  sets  col¬ 


lected  at  scales  ranging  from  global  to  regional  in  scope,  and 
which  include  both  multi- temporal  and  single  date  data.  Using 
these  data,  we  assess  the  classification  accuracy  produced  by 
each  of  the  candidate  classifiers  (both  across  all  classes,  and 
between  classes),  and  consider  the  relative  strengths,  limita¬ 
tions  and  potential  research  areas  for  decision  tree  classifiers  in 
remote  sensing. 

It  is  important  to  note  that  one  of  the  key  problems  currently 
confronting  the  global  land  cover  mapping  community  is  a  gen¬ 
eral  lack  of  high  quality  training  data  to  use  for  training,  testing, 
and  evaluation  of  classification  algorithms.  For  the  purposes 
of  this  work  we  use  data  derived  from  a  variety  of  different 
sources  and  that  contain  significant  levels  of  error  in  the  class 
labels  used  to  train  and  test  the  decision  tree  algorithms  de¬ 
scribed  above.  It  is  important  to  interpret  the  results  presented 
below  in  light  of  these  data  limitations.  As  the  availability  of 
better  quality  ground  truth  data  increases,  we  expect  that  the 
performance  of  these  algorithms  will  exhibit  corresponding  im¬ 
provements.  Indeed,  we  have  recently  developed  an  automated 
method  for  reducing  labeling  error  in  training  samples  [8]. 

Data 

Three  sets  of  data  are  used  for  this  work.  These  data  were 
specifically  compiled  to  assess  the  performance  of  decision  tree 
classifiers  across  a  range  of  spatial  resolutions  and  classification 
problems  within  the  larger  domain  of  land  cover  mapping  using 
remote  sensing.  The  attributes  of  these  data-sets  are  as  follows: 

L  Global  NDVI  from  AVHRR  at  1  degree  spatial  resolu¬ 
tion:  This  data  set  is  composed  of  a  time  series  of  NDVI 
measurements  collected  at  monthly  time  intervals  from  the 
NO  A  A  AVHRR  during  1987.  The  training  data  and  associ¬ 
ated  class  labels  were  compiled  by  Defries  and  Townsend  [9]. 
These  observations  and  labels  include  3398  1  degree  by  1  de¬ 
gree  locations  where  three  widely  used  maps  of  land  cover  and 
vegetation  are  in  agreement, 

2.  ND  VI from  AVHRR  at  I  Kmfor  North  America:  Thi  s  data 
set  was  extracted  from  The  1990  Conterminous  US  AVHRR 
Dataset  compiled  at  Eros  Data  Center  (EDC)  [10].  The  data 
consists  of  a  time  series  of  NDVI  values  representing  the  max¬ 
imum  NDVI  during  each  of  eight  one  month  periods  spanning 
the  growing  season  in  1990.  Class  labels  were  assigned  to 
these  data  by  reclassifying  the  fine  resolution  class  labels  (159 
classes)  supplied  by  [10]  to  a  much  coarser  classification  (17 
classes)  conforming  to  the  global  land  cover  classification  de¬ 
fined  by  IGBP,  and  which  will  also  be  used  as  the  at-launch 
land  cover  product  to  be  used  under  EOS-MODIS.  The  data 
set  used  here  were  extracted  at  10,000  random  locations,  and 
exclude  water  bodies. 

3.  TM  data  at  30  meter  resolution  for  Lake  Tahoe:  The  final 
data  set  used  for  this  work  is  composed  of  a  random  sample  of 
roughly  2000  values  of  raw  TM  data  acquired  over  a  forested 
area  surrounding  the  Lake  Tahoe  region  of  California.  These 
data  were  extracted  from  a  single  image  and  include  all  TM 
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Table  1 :  Classification  Accuracy  on  the  Test  Samples 


Method 

NDVI-lo 

NDVI- 1  Km 

TM-30M 

UDT 

85.61 

70.96 

75.20 

MDT 

86.39 

71.70 

75.88 

HBT 

87.70 

80.09 

75.97 

LDF 

78.66 

51.68 

70.63 

bands  except  TM6  (thermal).  Class  labels  were  assigned  using 
a  combination  of  automated  classification  procedures  which  in¬ 
corporated  the  use  of  ancillary  data,  manual  labeling  using  field 
data  and  aerial  photography.  Details  regarding  the  specifics  of 
the  labeling  procedure  are  provided  in  [1 1]. 

CLASSMCATION  PROCEDURES 

To  evaluate  the  classification  performance  of  each  of  the  three 
decision  tree  algorithms  we  performed  a  set  of  ten-fold  cross- 
validation  runs  using  each  classification  algorithm  to  classify 
each  of  the  data  sets.  For  each  of  ten  runs,  we  randomly  sub¬ 
divided  each  dataset  into  a  training  set  (70%),  a  pruning  set 
(20%)  and  a  testing  set  (10%).  This  subdivision  procedure 
ensures  that  the  trees  were  estimated,  pruned,  and  evaluated 
using  independent  data  for  each  step.  By  using  this  procedure 
the  classification  results  reported  should  be  representative  of 
“average”  model  performance.  The  classification  accuracies 
that  we  report  in  Table  1  are  expressed  as  averages  across  the 
ten  runs. 


RESULTS  AND  CONCLUSIONS 

The  results  of  our  empirical  evaluation  are  shown  in  Table  1 . 
We  include  results  from  a  linear  classifier  (LDF)  as  a  point  of 
reference.  For  all  datasets  the  decision  tree  methods  outperform 
the  linear  classifier. 

For  the  NDVI  data  at  1  degree  of  resolution  there  are  small 
differences  among  the  three  decision  tree  methods  with  the  hy¬ 
brid  tree  producing  in  the  highest  accuracy.  Results  for  the 
NDVI  data  at  1  kilometer,  however,  show  dramatic  differences 
among  the  different  classifiers.  Specifically,  classification  ac¬ 
curacies  ranged  from  70.96%  to  80.09%  for  the  UDT  and  HDT, 
respectively.  The  hybrid  decision  tree  is  superior  for  this  data 
set  because  different  parts  of  the  sample  space  are  best  rep¬ 
resented  using  different  models.  Finally  for  the  TM-30M  all 
methods  performed  comparably. 

Univariate  decision  trees  are  restricted  to  representing  bound¬ 
aries  of  the  sample  space  that  are  orthogonal  to  feature  axes, 
whereas  multivariate  and  hybrid  trees  can  form  arbitrary  piece- 
wise  linear  hyperplane  boundaries.  When  each  input  feature 
is  independently  predictive  of  the  class  label,  then  all  methods 
perform  comparably.  However,  dramatic  differences  can  arise 
when  combining  the  features,  either  linearly  or  as  in  a  k-nearest 


neighbor  classifier,  which  results  in  a  feature  combination  that 
is  more  predictive  of  the  class  than  each  of  the  individual  fea¬ 
tures.  Inspection  of  the  hybrid  decision  tree  for  the  NDVI  data 
at  1  kilometer  of  resolution  reveal  that  these  data  have  exactly 
this  property.  In  conclusion,  our  empirical  evaluation  illus¬ 
trates  that  decision  trees  are  a  viable  approach  to  classification 
in  remote  sensing. 
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Abstract  —  The  land  surface  over  much  of  the  earth  is  typi¬ 
cally  a  complex  mosaic  of  different  types  of  vegetation.  Tradi¬ 
tional  approaches  that  classify  vegetation  into  discrete  catego¬ 
ries  do  not  allow  a  description  of  such  mixtures  and  gradients 
in  vegetation  types.  Consequently,  climate  models  and  other 
types  of  global  change  models  that  require  information  on  tlie 
global  distribution  of  land  cover  types  incorporate  these  ideal¬ 
ized  and  somewhat  unrealistic  descriptions  of  the  land  surface. 
Analysis  of  satellite  data  potentially  can  lead  to  more  accurate 
and  realistic  descriptions  of  the  land  surface  as  continuous  vari¬ 
ables  of  vegetation  characteristics.  Such  variables  would  de¬ 
scribe,  for  example,  proportional  mixtures  of  woody,  non- 
woody,  and  no  vegetation;  deciduous  and  evergreen  vegetation; 
and  broadleaf  and  needleleaf  woody  vegetation.  This  paper 
explores  two  approaches  to  derive  such  continuous  variables. 
With  the  first  approach,  multiresolution  data  from  the  NOAA 
AVHRR  and  Landsat  Multispectral  Scanner  System  (MSS)  are 
used  to  estimate  percentage  cover  of  closed  canopy  broadleaf 
evergreen  forest  in  central  Africa  based  on  empirical  relation¬ 
ships.  In  the  second  approach,  a  linear  mixture  model  is  ap¬ 
plied  using  AVHRR  Pathfinder  Land  data  to  obtain  a  global 
map  of  proportional  mixtures  of  woody  vegetation  (trees  and 
shrubs),  non-woody  vegetation  (herbaceous  vegetation),  and 
bare  ground. 


INTRODUCTION 

Satellite  data  are  used  as  a  basis  for  characterizing  the  earth’s 
vegetation  at  continental  and  global  scales  [1,  2,  3,  4].  These 
analyses  describe  each  grid  cell  as  one  of  a  discrete  number  of 
vegetation  types.  Each  grid  cell  is  typically  labeled  as  a  single 
cover  type,  regardless  of  tlie  presence  of  mosaics  of  different 
vegetation  types  present  in  tlie  cell  or  vegetation  gradients  across 
the  landscape.  Such  descriptions  create  artificial  boundaries 
between  cover  types  tliat  in  many  cases  are  not  true  representa¬ 
tions  of  the  land  surface.  For  example,  the  vegetation  across  a 
north-south  transect  from  the  Sahara  desert  to  central  Africa  is 
composed  of  transitions  from  bare  soil  in  die  desert,  to  shrubs, 
grasslands,  woodlands,  and  broadleaf  evergreen  forest  in  cen¬ 
tral  Africa.  Conventional  land  cover  classifications  [5]  define 
the  region  as  tliin  east- west  strips  of  these  cover  types  with  dis¬ 
crete  boundaries  between  tliem.  In  reality,  the  vegetation  dis¬ 
plays  gradual  transitions  between  these  vegetation  types. 

Information  about  the  geographic  distribution  of  global  veg- 
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elation  types  is  a  boundary  condition  for  global  models  that 
describe  exchanges  of  water,  energy,  and  carbon  dioxide  be¬ 
tween  the  atmosphere  and  biosphere.  Yet  the  parameter  fields 
derived  from  conventional  global  vegetation  data  widi  discrete 
numbers  of  cover  types  depend  on  the  particular  vegetation  clas¬ 
sification  scheme  and  the  number  of  types  it  includes  [6].  Ide¬ 
ally,  vegetation  characteristics  important  for  controlling  these 
exchanges  would  be  mapped  as  continuous  distributions  to  cap¬ 
ture  mixtures  and  gradients  within  tlie  cell  size  of  the  model. 
There  are  a  small  number  of  vegetation  characteristics  impor¬ 
tant  for  global  models  [6,  7],  including  tlie  spatial  extent  of 
woody  plant  (gradations  between  bare  ground,  herbaceous 
plants,  and  trees  and/or  shrubs),  seasonality  of  woody  vegeta¬ 
tion  (deciduous,  evergreen),  leaf  type  (broadleaf,  coniferous), 
photosynthetic  patliway  of  nonwoody  vegetation  (annual,  pe¬ 
rennial),  and  disturbance  type  (e.g.,  cultivation,  fire  history). 
Several  of  tliese  characteristics,  such  as  woodiiiess  and  season¬ 
ality,  can  be  detected  with  satellite  data.  Otlier  characteristics, 
such  as  photosyntlietic  patliway,  would  need  to  be  detected  with 
ground-based  or  otlier  types  of  information. 

The  conventional  approach  toward  describing  tlie  land  sur¬ 
face  as  discrete  cover  types  arises  from  a  long  tradition  of  veg¬ 
etation  mapping  from  ground-based  observations  of  physiog¬ 
nomic,  floristic,  and  environmental  properties  [8]  and  biocli- 
matic  classification  schemes  [9,  10].  This  approach  has  been 
extended  to  land  cover  classifications  based  on  satellite  data. 
However,  satellite  data  contain  abundant  information  about  tlie 
earth’s  vegetation  that  could  enable  richer  descriptions  of  spa¬ 
tial  mixtures  of  some  of  the  important  vegetation  characteris¬ 
tics  [2,  6].  Methodologies  for  extracting  this  type  of  informa¬ 
tion  have  not  been  widely  explored  and  are  very  much  in  tlieir 
infancy. 

This  paper  explores  two  approaches  to  mapping  one  of  tlie 
important  vegetation  characteristics,  spatial  extent  of  woodi¬ 
ness  of  tlie  vegetation,  as  a  continuous  variable.  In  such  a  map, 
each  grid  cell  is  described  not  as  a  distinct  vegetation  type  but 
as  a  percentage  area  covered  by  woody  vegetation.  One  ap¬ 
proach  uses  coregistered  multiresolution  data  in  central  Africa 
to  derive  empirical  relationships  with  percent  forest  cover  in 
specific  locations.  These  relationships  are  tlien  extrapolated 
over  larger  areas  to  derive  a  map  of  percent  woodiness.  The 
other  approach,  linear  mixture  modeling,  is  applied  globally  to 
determine  percent  woodiness  from  red  and  near  infrared 
reflectances. 


535 


EMPIRICAL  ESTIMATION  OF  PERCENT  FOREST 
USING  MULTISENSOR  DATA 

We  derived  estimates  of  percent  closed  canopy  forest  in  cen¬ 
tral  Africa  within  grid  cells  at  a  spatial  resolution  of  8  km  based 
on  multiresolution,  multisensor  data  [11].  This  approach  is  based 
on  empirical  relationships  between  percent  forest  cover  derived 
from  Landsat  Multispectral  Scanner  System  (MSS)  data  and 
various  metrics,  such  as  mean  annual  Normalized  Difference 
Vegetation  Index  (NDVI)  and  mean  annual  brighmess  tempera¬ 
ture,  derived  from  AVHRR  Pathfinder  Land  data  for  1987  [12], 
The  relationships,  determined  from  seven  MSS  scenes,  were 
then  extrapolated  over  the  region  to  obtain  estimates  of  percent 
closed  canopy  forest. 

The  following  steps  were  used  to  carry  out  this  analysis: 

1)  reproject  MSS  scenes  into  a  projection  common  with  the 
AVHRR  Pathfinder  Land  data  (Goode’s  equal  area),  using 
ground  control  points  identified  from  physical  features  on 
1:250,000  scale  maps. 

2)  coregister  MSS  scenes  with  AVHRR  data  based  on  the  pre¬ 
sumption  that  the  optimum  coregistration  occurs  where  there 
is  the  highest  correlation  between  the  NDVI  from  the  AVHRR 
data  and  the  NDVI  calculated  from  the  MSS  data.  This  proce¬ 
dure  was  necessary  because  the  coarse  resolution  of  the  AVHRR 
Pathfinder  data  does  not  permit  the  location  of  physical  fea¬ 
tures  for  determining  ground  location  points  and  because  of  the 
inaccurate  navigation  of  the  AVHRR  data. 

3)  classify  MSS  scenes  using  a  classification  tree  [  1 3Linto  closed 
canopy  forest  and  non-forest  classes. 

4)  calculate  percent  forest  cover  for  each  8  km  grid  cell  based 
on  the  classification  of  tlie  MSS  scenes. 

5)  analyze  relationships  between  percent  forest  cover  and  metrics 
derived  from  the  AVHRR  Patlifmder  data.  Twenty  four  metrics 
were  analyzed  using  two  techniques,  linear  regression  and  re¬ 
gression  trees.  These  metrics  incorporated  multitemporal  in¬ 
formation  that  indicate  seasonality  as  well  as  overall  “green¬ 
ness”  of  the  vegetation.  The  best  predictors  of  percent  forest 
cover  included  mean  annual  NDVI  and  mean  annual  brighmess 
temperature  from  AVHRR  channel  3.  Using  half  the  8  km  grid 
cells  corresponding  to  the  seven  MSS  scenes  for  deriving  the 
relationships  and  the  otlier  half  for  validating  tlie  prediction,  90 
percent  of  tlie  grid  cells  were  witliin  20  percent  of  the  “actual” 
percent  forest  cover  [11]. 

The  relationships  between  percent  forest  cover  and  metrics 
derived  from  AVHRR  data  were  then  extrapolated  over  a  larger 
area  to  derive  estimates  of  percent  closed  canopy  forest  witliin 
8  km  grid  cells  (Fig.  1).  The  results  suggest  that  multisensor. 


multiresolution  data  are  useful  for  estimating  subpixel  forest 
cover  at  coarse  spatial  resolutions.  However,  the  highly  em¬ 
pirical  nature  of  this  approach  raises  questions  about  the  valid¬ 
ity  of  extrapolating  the  relationships  over  larger  areas. 


Figure  1.  Estimate  of  percent  closed  canopy  forest  in  central 
Africa  for  8  km  grid  cells  based  on  Landsat  MSS  and  Path- 
finder  AVHRR  Land  data 

LINEAR  MIXTURE  MODELING  TO  DERIVE  GLOBAL 
MAP  OF  PERCENT  WOODY  COVER 

A  second  approach  for  estimating  continuous  distributions 
of  woodiness  of  the  vegetation  from  satellite  data  uses  a  linear 
unmixing  approach  [14].  This  approach  is  based  on  the  notion 
that  total  reflectances  within  a  coarse  resolution  grid  cell  are 
linear  combinations  of  contfibutions  from  each  land  cover  com¬ 
ponent  weighted  by  the  fractional  area  covered  by  tliat  compo¬ 
nent  within  tlie  cell. 

We  applied  a  linear  mixture  model  [15]  to  derive  estimates 
of  woody  (trees  and  shrubs),  non-woody  (herbaceous),  and  bare 
vegetation  for  the  globe  using  AVHRR  Pathfinder  data  for  1 987 . 
The  mixture  model  used  locations  known  to  be  pure  woody, 
non-woody,  or  bare  vegetation  to  derive  the  values  for  red  and 
near-infrared  reflectances  corresponding  to  pure  pixels.  These 
locations  were  determined  from  overlays  ot  coregistered  MSS 
data.  Reflectances  were  taken  from  die  greenest  montli,  the 
month  with  the  highest  NDVI  value  in  the  year,  to  avoid  values 

influenced  by  snow.  Because  tlie  values  for  red  and  near  infra¬ 
red  reflectances  for  pure  pixels  of  non-woody  vegetation  fell 
between  the  values  for  pure  pixels  of  tlie  other  two  cover  types, 
two  mixture  models  were  run,  one  for  mixtures  between  woody 
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and  non-woody  vegetation  and  one  for  mixtures  between  non- 
woody  and  bare  vegetation.  These  two  results  were  then  com¬ 
bined  (Fig.  2). 

Linear  mixture  modeling  is  an  attractive  approach  to  derive 
continuous  distributions  of  vegetation  characteristics  over  large 
areas.  Validation  of  the  results,  however,  is  a  concern  due  to  the 
difficulties  in  obtaining  field  data  on  mixtures  of  cover  types. 

CONCLUSIONS 

Satellite  data  contain  information  that  can  lead  to  richer  de¬ 
scriptions  of  land  cover  than  traditional  classifications.  Two 
approaches  are  described  in  this  paper,  an  empirical  approach 
applied  over  a  relatively  small  area  based  on  multisensor  data 
and  linear  mixture  modeling  applied  globally.  Additional  ap¬ 
proaches  for  describing  continuous  distributions  of  vegetation 
characteristics  from  satellite  data  need  to  be  explored. 
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ABSTRACT 

Phenological  differences  among  broadly  defined  vege¬ 
tation  types  can  be  a  basis  for  global  scale  classifica¬ 
tion  at  a  very  coarse  spatial  scale.  Using  the  annual 
sequence  of  composited  Normalized  Vegetation  Index 
(NDVI)  values  in  an  AVHRR  data  set,  DeFries  and 
Townshend  (1994)  distinguished  eleven  global  cover 
types  and  classified  global  land  cover  with  a  maximum 
likelihood  classifier.  The  present  research  presents  a 
neural  network  architecture  called  fuzzy  ARTMAP 
to  classify  the  same  data  set.  Classification  results 
are  analyzed  and  compared  with  those  obtained  from 
DeFries  and  Townshend  (1994).  First,  classification 
accuracy  on  the  training  data  set  is  100%  compared 
with  the  corresponding  accuracy  of  86.8%  [2].  Second, 
when  fuzzy  ARTMAP  is  trained  using  80%  of  data 
set  and  tested  on  the  remaining  (unseen)  20%  data 
set,  classification  accuracy  is  more  than  80%.  Third, 
classification  results  vary  with  and  without  latitude 
as  an  input  variable  similar  to  those  of  DeFries  and 
Townshend. 

INTRODUCTION 

Global  monitoring  of  the  earth’s  land-cover  is  critical 
to  the  study  of  global  change.  It  is  a  necessity  for 
understanding  land- atmosphere  interactions  and  their 
effects  on  global  biogeo  chemical  cycles  and  climate. 
Changes  in  land-cover  directly  affect  surface  mass  and 
energy  budgets  through  differences  in  such  biophysi¬ 
cal  parameters  as  plant  transpiration,  surface  albedo, 
emissivity  and  surface  roughness.  Therefore,  map¬ 
ping,  characterizing  and  monitoring  changes  in  the 
physical  characteristics  of  land  cover  has  been  recog¬ 
nized  as  a  key  element  in  the  study  of  global  change 
[5], 

Remote  sensing  is  the  only  viable  means  of  produc¬ 
ing  high  spatial  resolution  global  land-cover  informa¬ 
tion  [12],  with  data  from  the  NOAA  Advanced  Very 
High  Resolution  Radiometer  (AVHRR)  being  the  best 
source  currently  available.  The  primary  information 
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source  for  land-cover  studies  using  AVHRR  is  the  tem¬ 
poral  variation  in  Normalized  Difference  Vegetation 
Index  (NDVI)  [2,  10,  11]  which  captures  the  pheno¬ 
logical  variation  between  vegetation  types.  A  variety 
of  methods  have  been  used  for  making  these  maps,  but 
the  best  methods  for  exploiting  the  temporal  variation 
in  NDVI  have  not  yet  been  determined. 

METHODOLOGY 

For  this  study,  we  have  used  the  same  global  data  set 
as  DeFries  and  Townshend  [2] .  The  eleven  cover  types 
(see  Table  1)  primarily  conform  with  the  requirements 
of  climate  models.  The  training  sites  for  each  of  the 
cover  types  were  identified  based  on  agreement  be¬ 
tween  three  existing  ground-based  data  sets  of  land 
cover  [7,  8,  13].  Note  that  the  three  data  sets  agree  on 
cover  types  for  only  26%  of  the  total  land  surface.  Fur¬ 
ther  steps  were  taken  to  ensure  that  cover  types  in  the 
training  set  were  spectrally  distinct  from  one  another. 
The  data  set  used  is  a  set  of  monthly  Normalized  Veg- 
etatation  Index  (NDVI)  values  of  AVHRR  data  set  at 
one  degree  by  one  degree  resolution.  The  NDVI  values 
were  sequenced  from  the  peak  value  at  each  pixel  in 
order  to  standardize  seasonal  effects.  The  first  NDVI 
value  would  represent  the  maximum  value  (irrespec¬ 
tive  of  the  month  in  which  it  occurs),  the  second  value 
would  be  the  value  that  occurs  in  the  month  following 
the  month  in  which  the  maximum  value  occurs  and  so 
on.  The  data  set  consists  of  a  total  of  3398  pixels. 

DeFries  and  Townshend  [2]  used  a  maximum  likeli¬ 
hood  classifier  (MLC)  on  the  entire  training  data.  The 
main  findings  of  their  study  are  as  follows:  (i)  Incor¬ 
porating  latitude  as  a  variable,  (either  by  stratifying 
the  land  surface  into  latitudinal  strips  or  subdividing 
the  training  areas  by  latitudes),  improved  training  ac¬ 
curacy  from  82%  to  87%;  (ii)  NDVI  values  sequenced 
from  the  peak  value  at  each  pixel  yielded  higher  ac¬ 
curacy  (77%  -  84%)  compared  to  using  curve  charac¬ 
teristics  of  NDVI  profile  (69%  -  82%);  (iii)  MLC  us¬ 
ing  monthly  values  with  training  areas  subdivided  by 
hemisphere  yielded  slightly  better  results  than  MLC 
run  separately  on  5-degree  latitude  strips. 
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FUZZY  ARTMAP  NEURAL  NETWORKS 

Most  neural  network  classification  studies  in  remote 
sensing  have  used  the  backpropagation  technique  [3, 
4].  In  this  study,  we  evaluate  the  performance  of  a  dif¬ 
ferent  class  of  neural  networks,  called  fuzzy  ARTMAP 
[1],  for  the  classification  problem.  Fuzzy  ARTMAP 
synthesizes  fuzzy  logic  and  Adaptive  Resonance  The¬ 
ory  (ART)  models  by  exploiting  the  formal  similarity 
between  the  computations  of  fuzzy  subsethood  and  the 
dynamics  of  ART  category  choice,  search  and  learning. 

The  fuzzy  ARTMAP  network  was  trained  using 
80%  of  the  total  data  (of  3398  pixels)  and  testing 
was  done  on  the  remaining  20%  of  unseen  data.  This 
method  of  training  offers  two  advantages.  First,  there 
is  no  definitive  data  set  of  global  land  cover  that  could 
be  used  for  assessing  classification  accuracy.  Hence 
this  method  of  splitting  the  data  set  into  training  and 
testing  provides  some  independent  method  of  valida¬ 
tion  of  the  performance  of  the  neural  network  classi¬ 
fier.  Second,  fuzzy  ARTMAP  is  trained  until  a  100% 
accuracy  is  achieved  before  testing  begins.  In  all  sim¬ 
ulations,  Fuzzy  ARTMAP  results  in  100%  training 
accuracy  compared  with  87%,  the  best  accuracy  ob¬ 
tained  using  MLC  [2].  Results  pertaining  to  the  un¬ 
seen  20%  test  data  will  be  discussed  during  the  con¬ 
ference. 

Three  main  types  of  fuzzy  ARTMAP  neural  net¬ 
works  are  constructed.  Network  A  consisted  of  the  12 
NDVI  values  that  were  sequenced  from  the  peak  value 
at  each  pixel  and  included  latitude  as  an  input  vari¬ 
able.  Latitude  was  entered  as  distance  (in  degrees) 
from  the  equator.  Hence  the  value  of  this  variable  is 
the  same  for  a  location  25-degrees  north  of  the  equa¬ 
tor  and  for  a  location  25-degrees  south  of  the  equator. 
Latitude  in  Network  B  was  the  same  as  the  one  in  the 
DeFries  and  Townshend  (1994)  study  where  the  North 
Pole  has  a  value  of  0-degrees  and  South  Pole  has  a 
value  of  180-degrees.  The  rest  of  the  input  vector  in  B 
is  similar  to  A.  Network  C  includes  only  the  NDVI  val¬ 
ues  and  excludes  latitude  from  the  input  vector.  Each 
of  the  three  networks  had  to  learn  the  eleven  cover 
types  using  the  fuzzy  ARTMAP  supervised  learning 
strategy. 

RESULTS  AND  DISCUSSION 

Only  global  classification  results  are  discussed  in  this 
section.  Table  1  shows  that  latitude  is  an  impor¬ 
tant  factor  in  training  fuzzy  ARTMAP.  Further,  dif¬ 
ferent  results  are  obtained  using  distance  from  the 
equator  (A)  and  latitude  defined  continuously  over 
the  earth  (B).  The  classification  results  are  analyzed 


and  summarized  as  follows:  First,  the  effect  of  lat¬ 
itude  variable  is  seen  looking  at  differences  between 
predictions  made  by  Networks  A  and  B  versus  C  in 
Table  1.  Network  C  makes  higher  estimates  for  the 
following  classes:  broadleaf  evergreen,  high  latitude 
deciduous,  bare  ground,  cultivated,  and  broadleaf  de¬ 
ciduous  forest  and  woodland.  A  comparison  of  global 
maps  created  using  the  neural  networks  underscores 
the  effect  of  latitude.  Without  latitude,  the  southern 
hemisphere  seems  to  be  more  coarsely  classified  with 
large  areas  attributed  to  a  few  classes.  Using  latitude 
as  the  distance  from  the  equator  (A)  seems  to  give 
better  results  for  southern  hemisphere. 

Second,  Network  (A),  using  distance  from  the  equa¬ 
tor,  can  be  compared  to  B  and  C.  It  gives  smaller  esti¬ 
mates  for  broadleaf  evergreen  forest,  high  latitude  de¬ 
ciduous  forest,  grassland,  bare  ground,  and  broadleaf 
deciduous  and  woodland  compared  with  other  neural 
networks.  In  contrast,  Network  A  gives  higher  esti¬ 
mates  for  coniferous  evergreen,  and  shrubs  and  bare 
ground.  Third,  the  overall  difference  between  MLC 


Land  Cover 

Classification  Results 

Category 

MLC 

1  Fuzzy  ARTMAP  j 

A 

B 

c 

Broadlf.  evergrn. 
forest 

1240 

1692 

1770 

1954 

Conifer,  evergrn. 
forest 

2144 

2161 

1805 

1995 

High  lat.  decid. 
forest 

955 

574 

640 

709 

Tundra 

1947 

2559 

2723 

2332 

Mixed  deciduous 
&:  evergreen 

900 

409 

541 

400 

Wooded  grsslnd. 

2110 

1328 

1675 

921 

Grassland 

2173 

2149 

2287 

2255 

Bare  ground 

1580 

1479 

1502 

1627 

Cultivated 

1506 

3135 

2857 

3320 

Broadleaf  decid. 
forest 

499 

17 

26 

28 

Shrubs  k,  bare 
ground 

144 

698 

592 

660 

No  class  label 

1221 

218 

1 

218 

Total 

16419 

16419 

16419 

16419 

Table  1:  Global  Classification  Results  Using  Maxi¬ 
mum  Likelihood  and  Fuzzy  ARTMAP  Networks 
A  -  with  equatorial  distance;  B  -  latitude  (DeFries  et 
al.  method);  C  -  without  latitude. 

and  three  neural  networks  suggest  that  neural  net- 
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works  estimate  larger  areas  for  the  following  classes: 
coniferous  evergreen  forest  woodland,  broadleaf  ever¬ 
green  forest,  tundra,  cultivated  and  shrubs  and  bare 
ground.  In  contrast,  MLC  estimates  larger  areas  of 
high  latitude  deciduous  forest,  mixed  deciduous  and 
evergreen,  wooded  grassland,  broadleaf  deciduous  for¬ 
est  and  woodland  compared  with  the  three  neural  net¬ 
works.  These  differences  are  also  seen  on  the  maps 
produced  using  the  classification  results.  Maps  will 
be  shown  during  the  conference.  The  differences  may 
be  due  to  a  number  of  factors  including  the  follow¬ 
ing:  fuzzy  ARTMAP  is  sensitive  to  the  size  of  training 
classes.  It  tends  to  underestimate  the  class  broadleaf 
deciduous  forest  and  woodland  that  had  the  least 
number  of  training  pixels  (12).  This  factor  is  also 
demonstrated  with  network  C,  which  makes  broad 
land  cover  classes  for  southern  hemisphere  since  there 
are  no  training  sites  from  the  southern  hemisphere  in 
the  data  set.  DeFries  and  Townshend  used  a  number 
of  procedures  to  modify  the  results  obtained  from  the 
MLC  classifier.  None  of  these  modifications  were  done 
on  the  fuzzy  ARTMAP  results. 

In  general,  the  overall  results  of  classification  sug¬ 
gest  that  fuzzy  ARTMAP  provides  a  good  technique 
for  global  land  cover  classification.  It  is  able  to  demon¬ 
strate  the  significance  of  key  variables.  It  also  suggests 
that  there  is  a  great  deal  of  uncertainty  in  global  land 
cover  classes.  Hence  there  is  an  inaccuracy  in  esti¬ 
mating  the  exact  percentage  of  land  cover  under  each 
type.  Greater  validation  results  are  needed  to  assess 
the  accuracy  of  such  classification  results. 

Ongoing  analysis  involves  the  use  of  a  voting  strat¬ 
egy  that  improves  the  prediction  results  by  training 
the  neural  network  several  times  on  different  order¬ 
ings  of  the  training  data  set.  In  addition,  attempts  to 
understand  the  effect  of  latitude  on  classification  con¬ 
tinue.  Full  results  will  be  available  for  the  conference. 
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INTRODUCTION 

Presently,  vegetation  activity  can  be  monitored  and 
characterized  using  remote  sensing  technology  at  different 
scales.  At  continental  or  global  scales,  NOAA/Advanced 
Very  High  Resolution  Radiometer  (AVHRR)  data  provide 
unique  opportunities  to  explore  the  spatial  and  temporal 
dynamics  of  vegetation  due  to  its  wide-area  and  frequent 
coverage.  Vegetation  activity  is  usually  processed  to 
Normalized  Difference  Vegetation  Index  (NDVI)  images, 
which  have  been  widely  used  for  land  cover 
characterization.  Seasonal  characteristics  of  different 
vegetation  types  have  been  used  to  quantify  and  correlate 
vegetation  activity  with  other  landscape  surface  processes, 
and  to  describe  their  patterns  of  distribution  [1][2][3].  With 
multitemporal  AVHRR  data,  several  phenological 
vegetation  metrics  have  been  derived  [4][5][6],  and 
empirically  correlated  with  ecological  processes  such  as 
primary  productivity  and  water  balance  [7]. 

While  our  understanding  of  annual  and  seasonal 
vegetation  variability  has  greatly  increased;  patterns  of 
interannual  variability  in  natural  vegetation  are  virtually 
unknown.  They  are  necessary  for  a  consistent  description 
and  characterization  of  land  cover,  vegetation  types,  and 
ecological  regions  because  vegetation  is  the  main 
landscape  feature  that  controls  energy  balances, 
biochemical  and  hydrological  cycles.  In  addition,  analyses 
of  vegetation  activity  for  periods  longer  than  a  year  are 
necessary  to  evaluate  vegetation  responses  to  global 
change.  In  order  to  evaluate  the  magnitude  of  global 
change  and  its  effects  on  ecological  processes,  it  is 
imperative  that  human  induced  changes  can  be 
discriminated  from  natural  patterns  of  vegetation 
variability. 

At  present,  multitemporal  AVHRR/NDVI  data  acquired 
for  five  successive  years  are  available  to  analyze  long-term 
vegetation  dynamics  and  interannual  change  for  the  entire 
US,  and  other  parts  of  North  America.  There  are  basically 
two  ways  to  evaluate  long-term  changes  in  vegetation 
activity  based  on  AVHRR-NDVI  information:  1] 
qualitatively,  comparing  the  changes  in  timing  of 
phenological  events  that  occur  year-to-year  (e.g.,  time  of 
the  onset  and  peak  of  greenness);  and  2]  quantitatively, 
based  on  the  intensity  of  changes  in  annual  NDVI  values 
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for  annual  metrics  (such  as  total  integrated  measures). 
Unfortunately,  not  all  the  information  obtained  with 
multitemporal  NDVI  images  is  directly  associated  to 
vegetation  activity.  Their  information  content  can  be  also 
associated  to  solar  zenith  angle  effects,  and  residual  cloud 
contamination.  It  is  necessary  then  to  develop  a  strategy 
for  the  analysis  of  NDVI  variation  that  accounts  for  much 
of  the  vegetation  activity. 

The  principal  objectives  of  this  research  are  [1]  to 
identify  means  to  quantify  and  characterize  the  interannual 
variability  of  vegetation  activity  as  captured  by 
AVHRR/NDVI  and  [2]  to  better  understand  and  account 
for  variation  in  NDVI  attributable  to  variable  data  quality 
and  cloud  contamination. 

METHODS 

This  research  has  focused  on  the  conterminous  U.S.  and 
adjacent  areas  of  North  America.  AVHRR/NDVI  data  (1- 
km  resolution)  spanning  the  period  1990-1993  were  used 
in  the  analysis.  Biweekly  images  were  composited  to 
represent  maximum  NDVI  monthly  and  seasonal  values 
and  for  every  year. 

Initially,  the  metrics  for  temporal  onset  and  peak  of 
greenness,  were  derived  from  the  same  NDVI  dataset. 
These  phenological  metrics  were  obtained  using  an 
approach  adapted  from  autoregressive  moving  average 
(ARMA)  models  [6].  Categorical  maps  representing  the 
timing  (in  months)  of  onset  and  peak  of  greenness  were 
evaluated  by  direct  comparisons  using  kappa  statistics. 
Then,  several  error  matrices  were  obtained  to  represent 
year-to-year  timing  differences  in  onset  and  peak  of 
greenness. 

Several  NDVI-based  metrics  were  obtained  for  the 
quantitative  comparisons  of  NDVI  variability.  Three 
measures  of  annual  vegetation  activity  were  derived  using 
principal  components  analysis  (PCA)  of  monthly  NDVI 
maximum  value  composites.  A  yearly  accumulated  (or 
integrated)  greenness  (iNDVI)  was  obtained  using  the  first 
NDVI  principal  component.  The  other  two  components 
represented  two  forms  of  seasonal  variation  (si NDVI  and 
s2NDVI).  The  interannual  comparisons  were  based  on  the 
differences  in  eigenvalues  for  every  NDVI  component. 
Principal  components  of  NDVI  images  were  used  in  an 
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attempt  to  reduce  the  effects  of  data  quality  and  cloud 
contamination  in  the  interannual  change  analyses. 

Finally,  a  multitemporal  change  vector  analysis  was 
performed  on  the  differences  between  seasonal  NDVI 
images  on  successive  years  to  provide  a  detailed  seasonal 
comparison.  The  multitemporal  change  vector  was 
obtained  by  applying  PCA  on  the  differences  between 
seasonal  NDVI  values  on  successive  years. 

RESULTS  AND  DISCUSSION 

Results  of  Kappa  coefficients  indicated  that  the  timing  of 
phonological  events  exhibited  relatively  low  year-to-year 
consistency.  For  the  onset  of  greenness,  the  overall 
agreement  expressed  as  kappa  statistic  was  14%-22%.  The 
year-to-year  comparisons  evaluated  for  individual  classes 
(months)  indicate  that  the  onset  in  June  is  the  most 
consistent  phonological  attribute.  The  general  interannual 
pattern  agreement  observed  for  the  onset  of  greenness  was 
higher  in  the  spring  (peaking  in  June),  decreasing  in  the 
following  seasons  reaching  the  lowest  point  in  winter 
(Figure  1). 


Figure  1.  Interannual  variability  for  the  Onset  of  Greenness 
evaluated  as  Kappa  statistics  for  successive  years  between 
1990-1993. 


Results  for  the  peak  of  greenness  revealed  also  a  low 
agreement  between  the  peak  months  on  year-to-year 
comparisons.  The  overall  kappa  for  the  entire  images 
ranged  from  14%  to  22%.  The  interannual  pattern  showed 
a  highest  agreement  during  early  spring,  with  lower  values 
in  May  (Figure  2). 

Principal  component  analysis  of  the  monthly  NDVI 
variation  for  every  year  revealed  a  consistent  pattern  of 
seasonal  variation.  The  first  principal  component 
accounted  for  60%  to  66%  of  the  yearly-multitemporal 
NDVI  variation.  The  variation  explained  for  second 


principal  component  ranged  18%-20%;  and  the  third 
principal  component  explained  between  4%-6%  of  the 
total  NDVI  variation.  Loadings  for  the  first  principal 
component  indicate  that  greenness  accumulation  over  the 
year  is  significantly  higher  during  the  summer  months 
(June-September),  typical  of  northern  latitudes.  The 
second  principal  component  revealed  the  first  source  of 
seasonal  variation,  highly  associated  to  the  summer-winter 
difference  in  greenness  values.  The  third  principal 
component  identified  a  seasonal  variation  associated  with 
low  greenness  in  late  spring  (May- June)  and  high  in  the 
late  summer  /  early  fall  (Aug-Sep). 

Figure  2.  Interannual  variability  for  the  Peak  of  Greenness 
evaluated  as  Kappa  statistics  for  successive  years  between 
1990-1993. 


The  interannual  greenness  accumulation  (iNDVI) 
showed  a  consistent  temporal  pattern  over  the  period 
analyzed  (Figure  3).  However,  the  greater  magnitude  of 
negative  changes  during  the  winter  months  (5-8%).  This 
means  that  NDVI  images  in  the  winter  tend  to  be  less 
‘‘green”  with  each  successive  year.  Additionally, 
consistent  positive  differences  are  observed  in  the  spring, 
indicating  increasing  “greenness”  with  each  successive 
year.  A  notable  difference  is  observed  in  the  91-90  period, 
where  NDVI  values  in  1990  were  unusually  low 
(compared  to  the  long  term  variation).  Winter  patterns  for 
the  91-92  are  an  exception  to  the  patterns  observed  for 
other  years,  indicating  that  year-to-year  variations  can  be 
dramatic. 

Analysis  of  temporal  patterns  for  the  eigenvalues  of  the 
second  principal  showed  that  seasonal  s INDVI  negative 
differences  (greener  on  previous  years)  are  greater  in  the 
winter  months,  except  for  the  91-90  period  where  the 
seasonal  values  changed  dramatically  in  May  and 
December  giving  a  positive  difference  of  more  than  5% 
(Figure  4).  This  trend  is  also  identified  in  s2NDVI  general 
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pattern,  where  main  seasonal  differences  occur  in  the 
summer  (Figure  5). 


Figure  3.  Interannual  variability  for  iNDVI  evaluated  with  the 
PC-loading  variation  for  successive  years  between  1990- 
1993. 


Figure  4.  Interannual  variability  for  iNDVI  evaluated  with  the 
PC-loading  variation  for  successive  years  between  1990-1993. 


CONCLUSIONS 

Data  analysis  resulted  in  a  classification  of  interannual 
change.  Qualitative  changes  are  determined  by  the  timing 
of  phonological  events.  However,  kappa  coefficients 
indicated  that  the  timing  of  phonological  events  exhibited 
relatively  low  year-to-year  consistency.  Results  suggest 
that  the  methods  currently  used  to  compute 
AVHRR/NDVI  seasonal  phonological  metrics  may  need  to 
be  modified  and/or  regionally  calibrated.  Considerable 
variation  is  probably  associated  with  noise  in  the  original 
AVHRR-NDVI  dataset.  Stratification  by  similar 
phonological  groups  could  result  in  a  better 
characterization  of  seasonal  and  phonological  events. 

The  changes  were,  however,  less  pronounced  when 
NDVI  values  were  compared  among  years,  especially 
when  the  noise  in  the  data  was  removed  by  principal 
component  analysis.  PC  A  loadings  for  each  annual 
vegetation  component  had  almost  the  same  magnitude  for 
every  year.  The  magnitude  of  interannual  variability  in 
iNDVI  was  not  greater  than  10%.  The  maximum  variation 
in  s2NDVI  was  in  the  order  of  20%. 


Interannual  Variability  for  s1  NDVI  (1990-1 993) 


Figure  5.  Interannual  variability  for  iNDVI  evaluated  with  th( 
PC-loading  variation  for  successive  years  between  1990- 
1993. 


Interannual  Variability  s2NDVI  (1990-1 993) 
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ABSTRACT 

A  two  stage  modeling  strategy  improves  area  estimates  by 
correcting  coarse-resolution  measurements  of  class  pro¬ 
portions.  Stage  1  models  use  measurements  of  landscape 
spatial  properties  to  estimate  the  slope  and  intercept  of 
proportion  transition  relationships.  A  stage  II  model  uses 
a  regression  estimator  to  predict  true  class  proportions 
based  on  measured  coarse-scale  proportions,  and  the  slope 
and  intercept  estimates  from  the  stage  I  models.  Model 
development  and  testing  on  a  calibration  site  is  followed 
by  testing  and  inversion  for  a  validation  site.  A  proba¬ 
bilistic  sampling  strategy  allows  statistical  assessment  of 
the  models  and  results. 

INTRODUCTION 

Bias  in  land-cover  area  estimates  derived  from 
classified  remotely  sensed  data  is  influenced  by  image 
spatial  resolution  [1].  Models  of  these  resolution  effects 
can  therefore  help  improve  area  estimates.  One  mi^t 
consider  two  broad  types  of  models  in  this  context.  Mix¬ 
ture  models,  incorporated  into  the  classification  process, 
can  estimate  the  subpixel  composition  of  pixels  if  pure- 
class  spectra  are  known  [2].  Alternatively,  calibrated, 
post-classification  models  can  improve  area  estimates 
from  coarse-resolution  data  if  the  relationship  between 
"true"  and  measured  proportions  can  be  modeled  [1,3]. 

This  paper  describes  the  development  and  evalua¬ 
tion  of  linked  statistical  models  that  provide  post¬ 
classification  correction  of  areal  bias.  The  first  two 
models  estimate  the  slope  and  intercept  of  a  line  charac¬ 
terizing  the  relationship  between  proportions  measured  at 
30  m  and  at  1020  m  resolutions.  The  slope  and  intercept 
are  modeled  based  on  a  small  set  of  scale-resistant  spatial 
properties  of  the  landscape.  The  third  model  uses  the 
estimated  slopes  and  intercepts  to  predict  30  m  propor¬ 
tions  based  on  proportions  measured  at  1020  m. 

METHODS  and  RESULTS 

Two  basic  spatial  effects  contribute  to  biased  area 
estimates.  A  first  order  effect  is  the  tendency  of  large 
classes  to  increasingly  dominate  the  landscape  when 
measured  at  increasingly  coarse  scales.  Accordingly, 
small  classes  tend  to  diminish  in  size.  Figs,  la  and  2a 
illustrate  these  patterns  for  the  data  used  in  this  study. 
Second  order  effects  refer  to  modulations  of  these  basic 
patterns  due  to  specific  landscape  spatial  characteristics 
[4].  These  effects  result  in  the  scatter  about  the  smoothed 
fit  notable  in  Fig.  la.  In  either  case,  scale-dependent 
changes  in  the  apparent  area  of  classes  result  from  class 
membership  transitions  between  scales.  This  effect  can 
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be  thus  characterized  in  terms  of  proportion  transition 
lines  relating  fine  and  coarse  resolution  proportions. 

Since  transition  rates  depend  partly  on  landscape 
spatial  organization,  measures  of  spatial  pattern  are  used 
to  model  the  slopes  and  intercepts  of  the  proportion  transi¬ 
tion  lines  for  a  large  set  of  sampling  units  in  independent 
calibration  and  validation  sites.  These  are  stage  I  models. 
Model  inversion,  requires  that  the  landscape  pattern  meas¬ 
ures  are  relatively  scale-resistant. 

There  are  several  calibration-based  methods  for 
improving  coarse  resolution  area  estimates  [1,3,5].  The 
model  used  here  is  a  form  of  "classical"  model  in  which 
known  but  incorrect  values  are  estimated  using  unknown 
correct  values  [5].  If  Fo  represents  true  proportions  and 
Pr  represents  measured  proportions  at  some  coarse  spatial 
resolution  r ,  then: 

Fr  =  Po  +  Pr^o  +  error  (1) 

where  po  and  pi  are  the  intercept  and  slope  of  the  propor¬ 
tion  transition  line  (supplied  by  stage  I  models)  that 
relates  tme  proportions  to  proportions  measured  at  resolu¬ 
tion  r .  Inverting  this  simple  model  provides: 

P\^Pr-$ol(M  (2) 

which  is  the  stage  II  model  used  in  this  paper. 

A  four  part  strategy  is  employed  as  follows:  a)  use  a 
set  of  scale-resistant  spatial  measures  (calculated  at^30  m) 
to  develop  stage  I  models  for  predicting  the  slope  (Pi)  and 
intercept  {$o)  of  the  proportion  transition  lines  for  the 
calibration  site;  b)  predict  30  m  proportions  (Fo)  for  the 
calibration  site  by  applying  the  stage  II  model  in  (2)  usir^ 
the  measured  1020  m  proportions  (F;-),  and  the  Pi  and  po 
values  estimated  from  the  stage  I  models;  c)  using  the 
stage  I  models,  repeat  b  using  the  data  from  the  validation 
site;  d)  for  the  validation  site,  invert  the  model  by  repeat¬ 
ing  step  c  using  the  spatial  variables  as  measured  at  1020 
m  as  input  to  the  stage  I  models. 

The  Plumas  and  Stanislaus  National  Forests  serve 
as  calibration  and  validation  sites,  respectively.  Landsat 
Thematic  Mapper  data  have  been  classified  to  produce 
maps  of  general  land-cover  classes  for  each  site.  The 
classes  include  barren,  brush,  hardwood,  water,  and  con¬ 
ifer.  The  data  for  each  site  are  aggregated  to  1020  m  reso¬ 
lution  using  a  plurality-based  aggregation  procedure.  This 
involves  coding  each  grid  cell  in  a  1020  m  sampling  grid 
with  the  most  frequently  occurring  subgrid-cell  class. 

Randomly  located  238x238  pixel  subregions  serve 
as  the  sampling  units  for  the  analyses.  Each  unit  contains 
56,644  30  m  pixels  and  49  1020  m  pixels.  The  Plumas 
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contains  fifty  sampling  units  for  model  development  and 
initial  testing.  The  Stanislaus  contains  thirty-five  units  for 
model  validation  and  model  inversion.  The  number  of 
units  represent  30%  of  all  possible  such  units  from  each 
site.  Measurements  within  each  sampling  unit  include: 
prq)ortions  at  30  m  for  each  class,  proportions  at  1020  m 
for  each  class,  the  ^  and  Pi  values  of  proportion  transi¬ 
tion  lines  between  the  two  scales,  a  set  of  spatial  measures 
at  30  m,  and  the  same  set  of  measures  at  1020  m.  The 
ultimate  goal  is  to  estimate  30  m  proportions  by  supplying 
1020  m  area  measurements  and  slope  and  intercept 
coefficients  to  the  stage  II  model  (2).  The  slopes  and 
intercepts  required  in  (2),  are  predicted  using  two  multiple 
regression^  models  built  on  the  calibration  site 

using  the  Po  and  Pi  values  (respectively)  as  regressors  and 
a  subset  of  the  spatial  measures  as  the  predictors. 

A  number  of  spatial  measures  are  calculated  using 
the  r.le  software  [6].  Five  of  these  demonstrate  scale- 
resistance  as  determined  by  the  simple  correlations 
between  each  variable  and  itself  at  the  two  different 
scales.  Of  these,  three  are  significant  in  modeling  both  ^ 
and  Pi  values  of  the  proporticm  transitions  as  determined 
within  each  sampling  unit.  The  four  variables  used  are: 
maximum  class  size  (mx),  inverse  Simpsoii^s  index 
(^“^),  contagion  (c),  and  entropy  (ent).  Expressions  for 
the  latter  3  variables  are: 


(3) 

c  =  21n(^)  -  ent 

(4) 

ent 

(5) 

where  k  is  the  number  of  classes  present.  Pi  is  the  propor¬ 
tion  of  class  i  in  the  sampling  unit,  and  Pij  are  elements 
of  a  co-occurrence  matrix  and  represent  adjacency 
probabilities  between  classes  i  and  j ,  Maximum  class 
size  refers  to  the  proportion  of  the  largest  class  in  the  sam¬ 
pling  unit.  Simpson’s  index  indicates  the  probability  of 
randomly  selecting  two  pixels  of  the  same  attribute.  Con¬ 
tagion  measures  the  degree  of  clumping  in  the  landscape. 
Entropy  is  maximized  when  all  pixels  of  a  given  class  are 
as  far  away  from  one  another  as  possible.  Table  1  shows 
the  cross-scale  correlation  matrix  for  this  set  of  variables. 

Table  2  summarizes  the  two  stage  I  models.  The 
predictors  are  the  spatial  measures  determined  at  30  m. 
The  dependent  variables  are  a)  the  intercepts  (R'^adj-OJO) 
and  b)  the  slopes  (R^adj  =0.63)  of  a  linear  least  squares  fit 
between  30  and  1020  m  proportions  in  each  unit. 


Table  L— Cross-scale  correlations 


^1020 

0 

T 

C  1020  1020 

mx^o 

0.91 

- 

__ 

^■^30 

- 

0.69 

C30 

- 

- 

-0.07 

ent^o 

- 

- 

0.81 

Table  2.— Stage  I  models. 


Slope  Mod. 

Coeff. 

St.  Err. 

t-val. 

p>iti 

Po 

-5.77 

1.05 

-5.49 

0.00 

mx^ 

4.95 

0.84 

5.92 

0.00 

■S“^30 

-0.74 

0.22 

-3.33 

0.002 

C3O 

-0.679 

0.17 

4.06 

0.0002 

ent3o 

2.83 

0.49 

5.83 

0.00 

Intercept  Mod. 

Po 

0.0042 

0.093 

0.045 

0.96 

mx^ 

-0.30 

0.074 

4.054 

0.0002 

S~^30 

0.067 

0.020 

3.3904 

0.0015 

^^30 

0.113 

0.015 

7.68 

0.00 

ent3o 

-0.145 

0.043 

-3.39 

0.0015 

The  stage  I  models  estimate  the  ^  and  Pi  values 
necessary  required  for  the  stage  II  model  (2).  TTiis 
sequential  modeling  process  is  conducted  three  times. 
First,  the  stage  I  models  are  developed  on  the  calibration 
site.  The  predicted  values  from  these  models  are  then 
used  in  (2)  to  test  the  overall  modeling  process  for  the 
calibration  data.  Second,  the  stage  I  models  are  applied  in 
a  predictive  mode  using  the  validation  data  measured  at 
30  m.  Again  predicted  Po  and  Pi  values  supply  the 
coefficients  to  run  (2)  and  estimate  30  m  proportions  for 
the  validation  site.  Third,  stage  I  models  are  inverted 
using  the  variables  measured  at  1020  m  from  the  Stan¬ 
islaus  and  the  results  are  again  used  to  estimate  30  m  pro¬ 
portions.  The  first  two  cases  are  forward  model  applica¬ 
tions  requiring  high  resolution  information  to  perform  the 
correction.  The  third  is  an  inverted  case,  because  it 
requires  only  coarse  resolution  data.  Results  from  these 
thi^  tests  are  presented  in  Figs.  1, 2,  and  3. 

DISCUSSION  and  CONCLUSIONS 

Figs,  la,  2a,  and  3a  again  illustrate  the  basic  scaling 
effects  for  class  proportions.  Note  that  at  1020  m,  the 
greatest  underestimations  occur  for  intermediate-small 
classes,  and  the  greatest  overestimations  occur  for 
intermediate-large  classes.  Very  large,  very  small,  and 
moderate  sized  classes  (at  the  cross-over  point,  around 
30%)  are  all  reasonably  estimated  at  1020  m. 

The  modeling  procedure  should  pull  the  coarse- 
resolution  area  estimates  closer  to  the  zero-one  line.  Figs, 
lb  and  2b  demonstrate  that  the  model  improves  area  esti¬ 
mates  for  both  the  calibration  and  validation  sites  when 
operated  in  the  forward  mode.  The  correction  performs 
best  for  large  classes.  For  small  classes  a  notable  dip 
(albeit  reduced)  below  the  zero-one  line  still  occurs.  An 
intercept  effect  is  also  evidenced  by  the  vertical  alignment 
of  estimates  above  the  zero  value  of  the  x-axis.  Results 
from  the  inverted  model  (Fig.  3b)  also  show  general 
improvement,  although  considerable  scatter  occurs  for 
very  large  classes. 

Once  corrected  values  are  derived,  it  is  possible  to 
tabulate  the  total  absolute  error  within  each  sampling  unit. 
For  a  given  sampling  unit  g ,  the  total  error  is: 

^^8  =2^I^/M020-Fy,3o|  (6) 
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where  Pi, 1020  and  Pi, 30  are  the  proportions  for  class  i  at 
1020  and  30  m,  respectively.  Using  these  values  for  both 
pre-  and  postcorrection  data,  the  model  results  can  be 
evaluated.  Figs.  Ic  and  2c  show  the  relationship  between 
pre-  and  postcorrection  error  for  the  calibration  and  vali¬ 
dation  sites  using  the  forward  model.  For  any  point  below 
the  zero-one  line,  the  total  error  is  reduced  due  to  the 
correction  procedure.  At  both  sites,  the  total  error  for 
90%  of  the  sampling  units  is  either  reduced  or  unchanged 
after  correction.  For  the  inverted  model  (Fig.  3c)  80%  of 
the  regions  are  either  improved  or  unchanged  after  correc¬ 
tion,  with  two  positive  outliers. 

Figs.  Id.  2d.  and  3d  compare  the  distributions  of  the 
pre-  and  postcorrection  TEg  values.  In  all  cases,  a 
significant  error  reduction  is  achieved.  For  the  inverted 
model  the  ^-test  was  performed  after  removing  the 
outliers. 

Several  interesting  questions  deserve  continued 
attention.  Might  other  scale-resistant  measures  better 
predict  proportion  transitions?  Is  the  general  procedure 
extensible  across  landscape  types?  What  is  the  effect  of 
constraining  the  intercept  to  zero?  What  are  the  sensitivi¬ 
ties  of  the  cross-over  point  seen  in  Fig.  1?  Would  a  non¬ 
linear  model  significantly  improve  results?  Resolving 
these  and  other  issues  will  help  formalize  a  body  of  under¬ 
standing  of  how  class  proportions  scale.  This  understand¬ 
ing  may  lead  to  improved  land-cover  area  estimates  at 
local,  regional  and  global  scales. 
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Inverted  Model:  Total  Error  by  Region 


Inverted  Model:  Stanislaus 


Measured  Proportions  at  30m 


Inverted  Model:  Two  Outliers  Removed 
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Abstract  -  The  North  American  Landscape  Characterization  analysis  procedure  involves:  (1)  transformation  of  the 
(NALC)  project  is  a  component  of  the  National  Aeronautics  imagery  to  scene-based  measures  of  brightness,  greenness, 
and  Space  Administration  (NASA)  Landsat  Pathfinder  and  wetness  (TM  data  only),  (2)  pairwise  differencing  of  the 
Program  which  supports  scientific  research  on  issues  related  brightness,  greenness,  and  wetness  measures  to  compute 
to  global  environmental  change*  The  increasing  volume  of  change  vectors  for  each  image  pixel,  (3)  encoding  the  change 
multiresolution  satellite  data  presents  researchers  with  unique  vectors  using  hue,  saturation,  and  value  for  visualization, 
opportunities  to  conduct  large-area  investigations.  More  than  and  (4)  formulating  a  signal-to-noise  model  by  which  to 
20  years  of  historical  Landsat  data  provide  regular  isolate  areas  of  ‘‘significant”  change, 
observations  of  consistent  measurements  at  relatively  high 

spatial  resolution  at  increasingly  reduced  cost  to  researchers.  These  algorithms  have  been  applied  to  various  NALC  data 
The  NALC  project  involves  the  assembly  of  Landsat  s^,  and  the  results  have  been  provided  to  collaborators  for 
multispectral  scanner  (MSS)  data  "triplicates"  covering  the  review  and  comment.  The  research  topics  that  have  been 
conterminous  U.S.  and  Mexico.  The  NALC  triplicates  are  investigated  include  regional  climatic  influence  on  forest 
comprised  of  co-registered  Landsat  MSS  data  acquired  in  condition  and  water  supplies  in  the  Sierra  Nevada  from  1985 
1973,  1986,  and  1992  (plus  or  minus  one  year)  and  a  to  1992,  land  management  practices  in  natural  grasslands  in 
co-registered  digital  elevation  model  (DEM).  The  1980's  and  Nebraska,  the  phenologic  response  of  vegetation  to  seasonal 
1990's  data  sets  also  include  a  normalized  difference  climatic  conditions  in  semiarid  regions,  and  expansion  of 
vegetation  index  band.  urban  and  suburban  land  use. 

The  NALC  triplicates  are  being  used  to  study  human-  1.  INTRODUCTION 

induced  land  transformations  and  landscape  ecology,  to 

monitor  the  effects  of  land  management  practices  on  resource  The  study  of  landscape  (land  cover)  change  encompasses 

condition,  to  investigate  the  role  of  land  cover  change  in  examining  human-induced  land  transformations  (deforestation, 
biogeochemical  cycles,  and  to  study  feedbacks  between  wetlands  loss,  agricultural  land  conversion,  and  urban  sprawl), 
climate  and  land  cover  change.  Algorithms  have  been  monitoring  the  effects  of  land  management  practices  on  resource 
developed  for  processing  Landsat  MSS  and  TM  data  to  condition  (habitat  fragmentation,  biodiversity,  and  land 
identify  and  characterize  landscape  change.  The  change  degradation),  and  analyzing  the  role  of  land  cover  change  in 

biogeochemical  cycles.  The  increasing  volume  of  satellite  data 
^  Work  performed  under  U.S.  Geological  Survey  contract  having  multiple  spatial,  spectral,  and  temporal  resolutions 
1434-92-C-40004.  presents  researchers  with  opportunities  to  study  these  problems 
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over  large  areas.  More  than  20  years  of  historical  Landsat  data 
provide  regular  observations  of  consistent  measurements  at 
relatively  high  spatial  resolution.  The  North  American 
Landscape  Characterization  (NALC)  project,  a  component  of  the 
NASA  Landsat  Pathfinder  Program,  is  a  collaborative  effort 
betwe«i  the  U.S.  Environmaital  Protection  Agency  and  the  U.S. 
Geological  Survey  designed  to  exploit  the  rich  archive  of 
Landsat  data  for  studying  land  cover  changes.  The  NALC 
project  involves  the  assembly  of  Landsat  multispectral  scanner 
(MSS)  data  "tr^licates"  covering  the  conterminous  United  States 
and  Mexico.  The  NALC  triplicates  are  comprised  of 
co-registered  Landsat  MSS  data  acquired  in  1973,  1986,  and 
1992  (plus  or  minus  one  year)  and  a  co-registered  digital 
elevation  model  (DEM),  The  1980*s  and  1990's  data  sets  also 
include  a  normalized  difference  vegetation  index  band.  The 
NALC  triplicates  constitute  a  unique  data  set  that  can  be  used  to 
study  large-area  land  cover  change  over  several  decades. 

Digital  change  analysis  techniques  are  predicated  on  the 
assumption  that  pixel  brightness  values  are  correlative  with  the 
state  of  the  land  surface  (i.e.  land  cover  type,  the  phenology  of 
natural  vegetation  and  soil  moisture  conditions).  Monitoring 
landscape  change  with  remotely-sensed  data  provides  a  means 
for  studying  ecosystem  responses  to  natural  (chmatic)  and 
anthropogenic  influences  at  regional  scales.  Landsat  data 
provide  a  suitable  spatial  and  temporal  context  within  which  to 
map  the  extent  and  characteristics  of  land  cover  change.  There 
have  been  numerous  applications  of  change  analysis  techmques 
using  ][  .iinflsflt  data  since  the  mid-1970's.  Several  review  papers 
[1],  [2]  have  summarized  the  various  change  analysis  methods 
and  their  applications  to  natural  resource  problems.  Change 
analysis  procedures  have  typically  been  developed  for  a  specific 
scene  or  application.  The  ability  to  successfully  differentiate 
actual  subtle  changes  in  landscape  condition  from  variations  in 
observational  conditions  and  instrument  response  is  particularly 
problematic. 

The  goal  of  our  research  was  to  develop  methods  to  identify 
and  characterize  land  cover  change  using  Landsat  data  that  could 
be  applied  to  diverse  landscapes  and  geographic  areas.  Specific 
objectives  included  (1)  developing  a  set  of  radiometric 
rectification  techniques  to  achieve  relative  scene-to-scene 
radiometric  caHbration,  (2)  developing  an  image  noise  error 
propagation  model  to  isolate  areas  of  actual  landscape  change, 
(3)  extracting  of  proxy  measures  of  physical-based  scene 
characteristics  from  multispectral  image  data  and  implementing 
of  a  change  vector  analysis  algorithm,  and  (4)  developing  tools 
for  exploratory  data  analysis  and  data  visualization, 

n.  RADIOMETRIC  RECTIFICATION 

A  requisite  preprocessing  step  to  change  analysis,  in  addition 
to  co-registering  the  scenes,  is  to  calibrate  the  images  to  a 
common  radiometric  reference.  It  is  desirable  to  transform  the 
digital  numbers  (DN)  to  physical  values  (radiance  or  reflectance) 


thixxigh  the  use  of  an  enqarical  instrument  calibration  model  and 
a  radiative  transfer  model.  The  types  of  measurements  required 
to  properly  constrain  these  models  are  not  broadly  available, 
particularly  for  retrospective  studies.  Alternatively,  radiometric 
recdficatian  [3]  can  be  achieved  using  a  linear  transformation  in 
which  the  additive  component  corrects  for  differences  in 
atmospheric  path  radiance  and  the  multiplicative  component 
corrects  for  differences  in  detector  calibration,  sun  angle,  Earth- 
Sun  distance,  atmospheric  attenuation,  and  phase  angle 
conditions. 

Relative  caUbration  techniques  assume  that  atmospheric  and 
surface  moisture  conditions  are  uniform  across  the  scenes. 
Pixels  corresponding  to  taiqwrally  invariant  features  are  used  as 
the  radiometric  control  sets  with  which  to  derive  the  gains  and 
offsets  for  the  linear  transformation.  These  features  should  be 
topographically  flat,  be  at  the  same  elevation  as  the  land  surface 
of  primary  interest,  and  contain  minimal  vegetation  cover  to 
avoid  spectral  variations  caused  by  phonological  differences. 
Large,  flat,  homogeneous  bright  and  dark  surface  areas  are  the 
ideal  calibration  targets,  but  in  many  cases  a  more  sophisticated 
approach  is  required  to  gather  a  sufficient  sample  of 
pseudoinvariant  features. 

The  spectral  signatures  of  the  radiometric  control  sets  are 
used  to  derive  coefficients  for  each  band  in  the  image.  These 
sets  can  be  selected  by  using  any  of  the  following  methods: 
extracting  identical  sets  of  contiguous  pixels  corresponding  to 
bright  and  dark  targets  in  each  image;  defining  similar  control 
sets  from  brightness-greenness  scatter  plots  that  represent  bright 
and  dark  pixels  with  low  vegetation  content  [3];  choosing  a 
control  set  corresponding  to  the  "soil  line"  pixels,  defined  in  the 
brightness-greenness  scatter  plot  and  having  low  vegetation 
contait;  and  using  automated  scattergram-controlled  regression 
[4],  The  first  two  approaches  involve  equalizing  the  means  for 
each  band  for  deriving  the  linear  transformation  coefficients, 
whereas  the  latter  two  approaches  use  a  reduced  major  axis 
regression  model  [5].  These  methods  were  used  successfully  in 
our  research  to  rectify  the  pixel  brightness  values  (BV)  scale  of 
each  subject  image  to  the  scale  of  a  reference  image,  which  was 
selected  so  that  the  rectification  gains  were  usually  at  or  greater 
than  one.  If  sensor  caHbration  data  and  relevant  atmospheric 
data  were  available  for  the  reference  image,  an  atmospheric 
correction  algorithm  would  have  been  appHed  to  convert  the 
sensor  DN  values  in  the  rectified  images  to  absolute  surface 
reflectance  [3]. 

m.  IMAGE  NOISE  MODEL 

A  key  st^  in  quantifying  landscape  change  when  differencing 
digital  images  is  to  quantify  the  noise  in  the  image  in  order  to 
weight  the  image  data  for  proper  analysis  and  detect  spectral 
changes  due  to  acutal  land  surface  changes.  Previous  studies 
have  essentially  skipped  this  step,  either  by  adopting  a 
significance  threshold  based  on  the  statistics  of  the  difference 
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betweeai  the  images  [1]  or  by  assuming  that  certain  higher  order 
principal  components  of  merged  image  data  represent  change 
[6],  [7].  Both  methods  can  highlight  extreme  change,  but  neither 
provides  a  physically  based  measure  of  change.  A  quantitative 
estimate  and  description  of  the  change  can  only  arise  by  first 
characterizing  the  image  noise  and  its  effect  on  the  change 
metrics. 

Through  systems  analysis  of  the  image  production  process, 
Maxwell  [8]  identified  dominant  sources  of  image  noise.  These 
noise  sources  include  short  term  variations  in  surface  and 
atroospheric  conditions,  sensor  noise,  and  processing  noise,  part 
of  which  arises  from  misregistration.  Ideally,  the  image  noise 
can  be  characterized  by  describing  its  sources  and  their 
contribution  to  image  noise.  Unfortunately,  though  it  may  be 
easy  to  identity  sources  of  image  noise,  it  is  extremely  difficult, 
if  not  iiiqx>ssible,  to  characterize  them  and  their  effects  on  every 
image.  However,  by  creatmg  a  model  of  the  image  noise, 
researchers  can  extract  some  of  its  characteristics  from  the 
image  data. 

The  image  noise  model  adopted  in  our  research  assumed  that 
the  image  noise  is  white,  Gaussian,  and  not  simply  additive. 
Indeed,  the  noise  variance  in  each  band  image  was  modeled  as 
a  linear  function  of  pixel  brightness  value  (BV),  the  parameter 
values  of  which  are  determined  from  the  band  image  data. 
Finally,  it  is  further  assumed  that  the  scene  was  not 
oversampled.  On  the  basis  of  these  assumptions,  the  image 
noise  variance  as  a  function  of  BV  was  extracted  from  each  band 
image  by  the  following  method.  First,  for  each  pair  of 
neighboring  pixels,  the  mean  BV  and  the  variance  about  this 
mean  were  collected.  This  collection  was  then  segregated  into 
mean  BV  bins  of  equal  width,  where  the  width  was  sufficiently 
small  to  correspond  accurately  to  a  mean  BV ,  but  sufficiently 
large  to  include  a  statistically  large  number  of  pixel  pairs  for 
most  bins.  Within  each  bin  with  statistically  large  numbers  of 
pixel  pairs,  the  characteristic  variance  was  defined, 
corresponding  to  the  pixel  pair  variance  value  at  the  67  percent 
level  within  the  cumulative  frequency  distribution  of  these 
variances.  A  line  was  then  fitted  to  the  resulting  set  of  bin  BV’s 
and  corresponding  characteristic  variances,  with  each  point 
weighted  by  the  number  of  contributing  pixel  pairs.  This  line 
was  extrapolated  to  the  whole  BV  range,  but  with  the  variance 
limited  to  its  minimum  and  maximum  values  found  in  the  set  of 
characteristic  variances.  The  fitted  line  and  its  limits  were 
assumed  to  give  the  image  noise  variance  as  a  function  of  BV  for 
that  particular  band  image.  Though  the  intrinsic  structure  of  the 
image,  particularly  the  scene  texture,  contributes  to  the  above 
estimate  of  the  variance,  in  the  context  of  differencing 
co-registered  images  this  contribution  must  be  considered  as 
noise  caused  by  registration  errors  that  can  be  of  the  order  of 
one  pixel. 

Once  the  image  variance  as  a  function  of  BV  was  obtained  for 
each  band  in  each  image,  it  was  used  in  weighting  the  data  and 


in  determining  a  threshold  of  significant  change.  For  quantities 
derived  from  BV,  the  noise  variance  in  BV  was  propagated  to  a 
noise  variance  in  the  derived  quantity,  assuming  that  no 
correlation  caused  by  noise  exists  between  BV’s.  Consequently , 
the  variance  of  a  derived  pixel  quantity  f(BV)  was 

( df/dBV.  )^V{  BV^ )  [9],  where  Nb  is  the  number  of 

i=l 

bands,  BV.  is  the  pixel  brightness  value  in  band  i,  and  V(BVi)  is 
the  noise  variance  associated  with  that  pixel  brightness  value. 
A  significant  change  corresponded  to  an  absolute  difference  in 
pixel  brightness  or  derived  quantity  between  images  that 
exceeded  by  at  least  a  factor  of  three  the  noise  variance  of  this 
differm^e.  The  weight  of  a  givai  quantity  was  set  to  the  inverse 
of  its  noise  variance. 

IV.  CHANGE  VECTOR  ANALYSIS 

Proxy  measures  of  physical  scene  characteristics  such  as 
brightness  and  greenness  were  extracted  from  each  image,  and 
their  corresponding  noise  variances  were  estimated  by  error 
propagation.  The  Landsat  visible  and  near-infrared  bands  are 
chiefly  sensitive  to  vegetation  leaf  structure,  although  the 
addition  of  the  mid-infrared  bands  in  the  Landsat  thematic 
mapper  add  a  s^isitivity  to  soil  wetness  and  plant  moisture  [10], 
[11].  Because  Landsat  MSS  image  data  are  essentially  two- 
dimensional,  brightness  and  greenness  indices  were  extracted 
from  each  MSS  image  by  simple  rotation  of  the  scattergram  of 
the  image's  first  two  principal  components  so  that  the  soil  line 
was  horizontal  and  vegetation  lay  above  this  line.  The  resulting 
horizontal  axis  corresponded  to  brightness  and  the  vertical  axis 
to  greenness.  In  practically  all  of  our  MSS  images,  the 
brightness  and  gre^mess  indices  contained  at  least  95  percent  of 
the  image's  information  content.  The  implementation  is  slightly 
diffferent  in  the  case  of  Landsat  thematic  mapper  (TM)  data. 
Brightness,  greenness,  and  wetness  indices  were  extracted  from 
each  TM  image  using  the  Gram-Schnudt  orthogonalization 
method  described  in  Jackson  [12]  on  samples  of  dark  and  bright 
dry  soil,  wet  soil  or  water,  and  dense  vegetation  selected  from 
the  image  and  falling  in  appropriate  regions  in  the  brightness- 
greenness  plane.  Once  indices  were  obtained  for  each  image, 
the  transformation  coefficients  of  the  image  with  the  best  feature 
s^iarability  were  applied  to  the  other  images  to  get  indices  that 
could  be  compared  across  images.  This  method  of  spectral 
index  extraction  was  validated  by  ground  measurements 
acquired  with  a  field  sp>ectroradiometer. 

After  consistent  measurement  scales  for  the  indices  were 
achieved,  an  image  pair  was  selected  and  change  vectors  were 
computed  for  each  pair  of  indices  at  each  image  pixel.  The 
change  vectors  were  decomposed  into  magnitude  and  direction 
components.  Pixels  corresponding  to  actual  landscape  change 
were  identified  by  modulating  the  magnitude  component  through 
the  image  noise  and  error  propagation  model.  Hue,  saturation, 
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and  value  (HSV)  color  space  coordinates  were  used  to  encode 
the  change  vector  analysis  results  for  visualization.  The 
direction  of  change  was  coded  as  hue,  the  magnitude  of  change 
as  saturation,  and  an  original  image  band  or  DEM  was  rescaled 
to  value  (intensity)  to  provide  scene  context.  The  HSV 
coii^x>nents  were  then  transformed  to  red,  green,  and  blue  color 
space  for  displaying  the  change  image.  The  resultant  colors 
corresponded  to  the  direction  of  change,  and  the  richness  of  the 
color  corresponded  to  the  significance  of  change.  Pixels  that  had 
not  undergone  any  measureable  change  were  displayed  as  gray 
tones  corresponding  to  the  characteristics  of  the  intensity 
component  (brightness,  elevation). 

V.  RESULTS 

The  change  detection  and  analysis  techniques  described  above 
were  applied  to  Landsat  MSS  and  TM  images  for  numerous 
areas,  achieving  consistent  results.  Landsat  MSS  images  over 
Senegal  were  processed  to  identify  areas  of  changing  land  use 
and  land  degradation  from  the  late  1970*s  to  the  early  1990*s. 
Landsat  MSS  images  of  the  western  United  States  from  the 
middle  1980 's  to  the  early  1990 's  were  processed  to  identify 
vegetation  stress  and  damage  to  forested  areas  as  a  consequence 
of  drought  and  infestation.  Various  stages  of  vegetation 
succession  were  delineated  in  areas  scarred  by  wildfires.  In 
addition,  Landsat  MSS  images  of  Las  Vegas,  Nevada  were 
processed  to  highlight  the  expansion  of  urban  and  recreational 
land  use  from  the  1980's  to  the  1990*s.  Finally,  the  impacts  of 
grazing  and  land  management  practices  on  natural  grasslands 
were  evident  after  processing  Landsat  TM  images  from  the 
early  1990's. 
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Abstract  —  Point  rainfall  rate  estimation  by  radar  has  many 
useful  purposes,  particularly  within  an  urban  environment. 
For  example,  such  monitoring  could  help  define  driving 
conditions  related  to  highway  wetness  and  visibility 
impairment  and  predict  and  assess  storm  water  runoff  over 
spatial  scales  down  to  grid  sizes  of  around  1  x  1  km^.  Recent 
implementation  in  the  U.S.  of  a  national  radar  system 
(NEXRAD)  with  comparable  spatial  coverage  and  temporal 
sampling  at  approximately  five-minute  intervals  offers  great 
potential  for  such  applications.  Thus,  an  effort  to  improve 
point  rainfall  estimation,  using  reflectivity  factor 
measurements  from  the  Seattle  area  NEXRAD  WSR-88D 
radar,  is  worthwhile  investigating.  Major  factors  affecting 
point  rainfall  interpretation  of  radar  reflectivity  factor 
include  data  quantization,  rainfall  type,  spatial  filtering, 
storm  motion,  melting  layer  effects  and  time  correspondence 
of  radar  and  gage  measurements.  These  and  other  factors 
are  under  consideration  for  development  of  a  robust 
algorithm  to  retrieve  reliable  estimates  of  point  rainfall  rates 
from  NEXRAD  radar  measurements.  A  sample  comparison 
between  radar-derived  rainfall  rate  estimates  and  gage 
measurements  at  a  distance  of  around  60  km  from  the  radar 
illustrates  the  methodology  in  a  case  where  melting  layer 
interference  is  absent. 

INTRODUCTION 

The  NEXt  Generation  Weather  RADar  (NEXRAD) 
WSR-88D  radar  system  [1-3]  offers  the  public  potential 
access  to  reliable  widespread  quantitative  estimation  of 
rainfall  rates  over  large  spatial  domains  throughout  the  U.S. 
Because  of  the  many  highly  valuable  applications  of  this 
capability,  continuous  improvement  of  related  algorithms  is 
essential.  For  example,  operation  of  the  nation’s  ground 
transportation  systems  may  be  made  safer  and  more  efficient 
[4-5],  flood  forecasting  will  become  continuously  more 
reliable  [6-7]  and  better  management  of  water  resources  for 
many  purposes  will  emerge  [8].  Depending  on  the 
application,  rainfall  estimation  takes  on  different  formats. 
For  example,  most  water  resources  applications  and 
climatological  studies  require  accurate  measurements  over 
relatively  long  time  periods  and  large  spatial  domains  while 
most  daily  personal  uses  require  reliability  nearly 
instantaneously  at  specific  locations.  Furthermore,  the 


former  may  be  derived  from  the  latter.  Thus,  improving 
point  rainfall  estimation  is  not  only  inherently  valuable  but 
also  will  lead  to  improvements  in  estimating  rainfall  over 
larger  spatial  domains  and  for  longer  time  periods.  This 
paper  represents  an  effort  at  using  the  NEXRAD  radar 
system  towards  this  end. 


Flow  Chart  for  NEXRAD  Level  III 
Data-Processing 


Fig,  1.  Radar  processing  scheme  for  transforming  NEXRAD 
radar  data  into  point  rainfall  rate  estimates. 

METHODOLOGY 

Z-R  relationships  are  commonly  employed  for 
estimation  of  rainfall  rate  R  from  reflectivity  factor  Z 
measurements  [9-10].  More  recently,  multiparameter  radar 
observations  have  also  been  introduced.  These  include  dual 
wavelength  methods  [11-12]  and  polarization  diversity  [13- 
18].  Sources  of  possible  error  in  estimating  rainfall  rates 
from  reflectivity  factor  and  other  radar  measurements 
include  [10]:  horizontal  winds  that  cause  ground-level 
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Seattle  Rainfall  Comparisons:  July  9,  i995 


Fig.  2.  Radar-based  estimates  and  rain  gage  measurements  of  rainfall  rates  at  the  University  of  Washington  on  July  9,  1995. 


raindrops  to  be  displaced  from  the  location  of  radar 
measurements;  attenuation  due  to  atmospheric  gases,  rain 
and  wetted  radomes;  reflectivity  enhancements  in  the 
melting  layer;  incomplete  beam  filling;  evaporation;  beam 
blockage;  rainrate  gradients;  polarization  effects;  and 
vertical  air  motions.  Other  factors  that  can  affect  this 
estimation  are:  presence  of  ice  phase  in  the  radar  scattering 
volume;  radar  miscalibration;  and  inadequacy  of  the  radar 
measurements  to  account  for  intrinsic  properties  of  rainfall 
such  as  drop  size  distribution  variability.  This  paper  utilizes 
Z-R  relationships  and  addresses  the  first  problem,  namely, 
effects  of  horizontal  winds;  this  is  done  by  estimating  storm 
motion  to  determine  a  swath  of  measurements  that 
approximate  corresponding  temporal  average  rainfall  rate  at 
a  given  location  on  the  ground.  This  approach  was 
previously  used  successfully  in  comparisons  between  ground- 
based  rainfall  measurements  and  inferences  from  radar 
polarimetric-based  measurements  [18]. 

Fig.  1  illustrates  the  methodology  employed  to  estimate 
point  rainfall  rates  from  Z  In  this  instance,  Level  III  data 
which  include  geographical  features  are  assumed  because  of 
their  general  availability,  although  Level  II  data  is  preferable 
because  of  its  greater  precision  (1  dB  v.  5  dB)  [2-3].  Note 
that  the  quantization  Q  limitations  of  Level  III  data  are  not 
as  restrictive  as  they  appear.  Essentially,  Q  may  be 
interpreted  as  being  from  a  uniform  distribution  with  each 
data  point  representing  a  sample  between  Q-levels  QL  and 
QL  +  5.  Spatial  filtering,  associated  with  storm  motion  (to 
account  for  horizontal  winds),  further  helps  compensate  for 
Q  errors.  Additional  smoothing  of  the  data  may  also  be 
performed  as  indicated,  but  this  procedure  will  ultimately 
depend  on  more  extensive  evaluation.  The  storm  motion  is 
determined  through  an  areal  or  two-dimensional  cross¬ 
correlation  process  that  compares  the  region  around  a  point 
of  interest  with  similar-sized  regions  of  the  just  previously 


sampled  measurements.  The  region  with  highest  correlation 
is  taken  as  an  indication  of  storm  motion  over  the  point  of 
interest.  Sample  swaths  or  lengths  of  volumetric  radar 
measurements,  passing  over  the  point  of  interest,  then 
represent  corresponding  ground-based  observations,  recorded 
over  the  radar  sampling  interval  (about  5  min  for 
NEXRAD).  When  using  a  Z-R  relationship,  the  base  radar 
data  is  best  converted  to  R  at  each  data  point  with  averaging 
done  in  R  rather  than  Z. 

JULY  9,  1995  CASE  STUDY 

Fig.  2  shows  results  of  applying  the  algorithm,  defined 
in  Fig.  1  and  without  any  Z  smoothing,  for  an  event  that 
occurred  on  July  9,  1995  in  Seattle  at  the  University  of 
Washington  (UW);  this  location  is  around  60  km  due  south 
of  the  radar.  Estimates  from  both  a  swath  analysis  and  radar 
measurements  at  the  gage  are  indicated;  they  utilize  the 
Marshall-Palmer  Z-R  relationship  [19]  and  include  a  time 
shift  of  around  5  min  to  account  for  raindrop  fall  speeds. 
The  results  compare  very  favorably  with  five-minute  running 
average  tipping  bucket  (0.01  in)  gage  results.  Corresponding 
accumulations  are  shown  in  Fig.  3.  Note  that  swath 
smoothing  is  evident  in  Fig.  2  which  results  in  a  better 
correspondence  to  ground  truth  as  seen  by  the  gage. 

CONCLUSIONS 

This  paper  presents  an  approach  to  NEXRAD 
estimation  of  rainfall  rates  that  attempts  to  account  for  storm 
motion  or  horizontal  winds,  one  of  the  foremost  factors 
affecting  reliable  radar  estimation  of  rainfall  rate.  A 
summer  time  case  study  yielded  very  good  comparisons 
between  radar  estimates  and  ground-based  gage 
measurements.  This  problem  requires  further  study. 
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including  investigation  of  errors,  differences  between 
estimates  from  Levels  II  and  III  data,  other  interferences 
such  as  effects  of  vertical  air  motions,  hydrometeor  phase 
uncertainty  (especially  related  to  the  melting  -layer/bright- 
band)  and  snowfall.  These  problems  should  be  resolved  or 
lessened  in  the  future  with  the  addition  of  polarimetric 
capabilities  on  WSR-88D  radars,  but  until  this  happens 
efforts  must  continue  to  improve  algorithms  for  both  areal 
and  point  estimation  of  R  from  the  current  set  of 
observations  available  with  the  NEXRAD  radars.  Only  in 
this  way  will  society  fully  benefit  from  its  major  investment 
in  the  NEXRAD  concept/system. 


Accumulation  Comparisons 


Fig.  3.  Rainfall  accumulation  comparisons  between  radar 
estimates  and  a  gage  located  at  the  UW  on  July  9,  1995. 
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INTRODUCTION  AND  BACKGROUND 

In  most  situations  dual-wavelength  radar  returns  in 
precipitation  are  functions  of  the  cumulative  path  attenuation 
out  to  the  observation  range  as  well  as  the  backscattering 
properties  of  the  hydrometeors  within  the  resolution  volume. 
For  spaceborae  or  airborne  radars  that  view  the  storm  from 
the  top,  there  generally  will  be  a  region  of  frozen 
hydrometeors  that  is  encountered  before  regions  of  partially 
or  fully  melted  particles.  In  this  region,  where  attenuation 
effects  are  small,  the  dual-frequency  radar  returns  can  be 
related  to  two  parameters  of  the  size  distribution  if  the 
scattering  at  either  wavelength  is  non-Rayleigh  [1]. 
Ambiguities  in  the  estimation  procedure  remain,  however, 
because  of  the  unknown  mass  density  of  the  scatterers  as  well 
as  the  effects  of  particle  shape  and  orientation. 

Several  approaches  are  available  to  resolve  at  least  some  of 
the  ambiguities  in  the  microphysical  retrievals.  One 
possibility  is  the  addition  of  radiometric  brightness 
temperature  measurements.  While  the  longer  wavelengths  are 
sensitive  primarily  to  the  total  rain  water  along  the  radar 
beam,  at  wavelengths  of  about  0.9  cm  and  shorter,  the  size 
distribution  and  mass  density  of  the  frozen  hydrometeors 
become  important.  Another  approach  arises  from  the  fact 
that  the  measurements  from  a  3-wavelength  radar  offer  a 
means  by  which  a  2-parameter  size  distribution  and  an 
averaged  mass  density  can  be  estimated  at  each  range  gate. 
As  of  yet,  however,  no  triple  wavelength  radar  data  sets  have 
been  measured.  A  third  approach  is  the  use  of  polarimetry. 
In  particular,  if  the  shape  and  orientation  distributions  of  the 
particles  are  known,  then  the  linear  depolarization  ratio 
(LDR),  the  dual-frequency  ratio  (DFR)  and  the  radar 
reflectivity  factor  (Z)  can  provide,  in  principle,  estimates  of 
the  size  distribution  and  average  mass  density  of  the  particles 
at  each  range  bin. 

In  this  paper,  we  illustrate  some  of  the  advantages  and 
limitations  of  the  third  approach  by  using  data  from  the  dual¬ 
wavelength,  dual-polarization  airborne  radar  build  by  the 
Communications  Research  Laboratory  (CRL)  of  Japan.  For 
the  CaPE  (Convective  and  Precipitation  Electrification) 


experiment,  the  CRL  instrument  was  installed  in  the  NASA 
T-39  jet  aircraft.  In  July  1991,  9  data  flights  were  conducted 
in  coordination  with  ground-based  radars  and  multi- 
instrumented  aircraft. 

SAMPLE  RADAR  RANGE-PROFILES 

Shown  in  Fig.  1  is  a  set  of  measured  radar  reflectivity 
factors  at  near-nadir  incidence  as  a  function  of  the  distance 
from  the  aircraft.  The  4  curves  correspond  to  the  co-  and 
cross-polarized  returns  at  X-band  (10  GHz)  and  the  co-  and 
cross-polarized  returns  at  Ka-band  (34.45  GHz).  Note  that 
the  large  spikes  in  the  co-  and  cross-polarized  X-band  returns 
at  a  range  of  about  11.5  km  correspond  to  the  surface  return. 
The  behavior  of  the  DFR  (=  dBZoo-poi(10  GHz)  -  dBZ^o. 
j„i(34.45  GHz))  with  range  provides  an  indication  of  the 
region  of  frozen  hydrometeors:  in  particular,  the  very  sharp 
increase  in  the  DFR  beginning  at  a  radar  range  of  about  6.5 
km  indicates  a  region  of  large  melting  hail  or  graupel.  By 
moving  upward  several  kilometers  from  this  point,  into  a 
region  where  the  DFR  is  relatively  small  and  its  increase  with 
range  gradual,  the  observation  point  is  assumed  to  be  in  a 


Dislancc  from  aircraft  (km) 


Fig.  1:  Co-  and  Cross-polarized  reflectivity  factors  at  10  and 
34.5  GHz  versus  range;  27  July  1991,  23: 16:30  UT. 
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Fig.  2:  Lines  of  constant  mass  density  and  median  diameter. 
Do,  superimposed  upon  a  plot  of  DFR  versus  LDR;  solid 
circles  represent  the  measurements  shown  in  Fig.  1. 

region  where  the  majority  of  particles  are  frozen.  For  the 
example  shown  in  Fig.  1,  the  region  of  frozen  hydrometeors 
is  taken  to  extend  from  1  km  to  4  km  below  the  aircraft. 

For  a  particular  orientation  distribution  of  particles  and  a 
fixed  shape-size  relationship,  lines  of  constant  snow  density, 
p,  and  equivolume,  melted  median  mass  diameter,  Dq,  can  he 
plotted  on  a  graph  of  DFR  (dB)  and  LDR  (dB),  where  the 
LDR  is  given  by  dBZ,.p,j(10  GHz)-dBZ^p,j(10  GHz).  In 
generating  the  of  lines  constant  (p,  Dq)  shown  in  Fig.  2  two 
assumptions  are  made:  the  orientation  of  the  particles  are 
random  and  there  is  a  1 -parameter  relationship  between  shape 
and  size  given  by: 

(b/a)  =  1.03  -  0.062*p*D^  (1) 

where  (b/a)  is  the  ratio  of  the  major  to  the  minor  axes  of  a 
prolate  spheroid,  D^  is  the  equivolume,  melted  diameter  of 
the  particle  in  millimeters.  Note  that  this  relationship  is  taken 
from  the  shape-size  relationship  for  rain  drops  [2];  in  contrast 
to  the  case  of  rain,  however,  where  p  =  1,  in  Fig.  2  we  have 
taken  p  =  2  so  that  the  average  particle  shape  is  taken  to  be 
more  highly  eccentric  than  a  rain  drop  of  the  same  volume. 
Obviously,  lines  of  constant  (p,  Dq)  change  if  these 
assumptions  are  modified;  for  example,  if  the  particles  are 
assumed  to  have  a  fixed  shape,  independent  of  size,  the  lines 
of  constant  mass  density  shown  in  Fig.  2  become  straighter 
and  more  vertically  oriented. 

Superimposed  on  the  theoretical  curves  of  Fig.  2  are  the 
measurements  from  Fig.  1  represented  by  the  solid  circles. 


The  progression  of  points  as  a  function  of  range  can  be 
followed  by  noting  that  the  DFR  is  approximately  a 
monotonically  increasing  function  of  radar  range.  The  results 
show  that  the  mass  density  of  the  particles  imdergo  a  slight 
decrease  with  distance  into  the  storm  along  with  a  significant 
increase  in  the  median  size  of  the  particles. 

Shown  in  Figs.  3  are  the  values  of  DFR,  LDR(10  GHz)  and 
dBZ(10  GHz)  measured  over  a  20  sec.  period  (  «  4  km  flight 
line).  As  in  Fig.  1,  the  radar  ranges  have  been  restricted  to 
those  regions  in  which  the  hydrometeors  are  frozen.  The 
corresponding  estimates  of  p.  Do,  and  No  are  shown  in  Figs. 
4  and  5;  for  the  results  in  Figs.  4,  the  shape-size  relationship 
is  given  by  Eq.  (1)  with  p  =  2  wliile  for  Fig.  5  (b/a)  =  2.5 
so  that  the  prolates  are  assmned  to  have  a  fixed  shape, 
independent  of  size.  Under  both  assumptions,  the  Nq  and  D© 
are  negatively  correlated  although  the  Dq  values  tend  to  be 
smaller  and  the  No  larger  under  the  fixed-shape  assumption. 
Both  sets  of  results  show  the  No  parameter  to  be  nearly 
independent  of  p.  When  the  particles  are  assumed  to  have  a 
shape-size  correlation,  the  results  exhibit  a  strong  negative 
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Figs.  3:  Measurements  of  DFR,  LDR,  and  dBZ  from 
23:16:20  -  23:16:40  on  27  July  1991. 
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PARAMETERS 


1.0  1-5  2.0  2.5  3.0 

Do  (mm) 


0.0  0.2  0.4  0.6  0.8 

Density  (g/cm^) 


Figs.  4:  Estimates  of  p,  Dq,  and  N©  assuming  that  a  shape- 
size  relationship  given  by  Eq.  1  with  p  =  2. 

correlation  between  density  and  size;  this  correlation 
disappears,  however,  if  shape  and  size  are  assumed  to  be 
uncorrelated. 

SUMMARY 

In  regions  of  frozen  hydrometeors  dual -wavelength, 
|X)larimetric  radar  measurements  can  eliminate  some  of  the 
ambiguities  in  the  characterization  of  size  distribution  and 
mass  density  of  the  scatterers.  In  future  work,  the  use  of  in 
situ  measurements,  as  well  as  LDR(34.45  GHz)  and  ground- 
based  differential  reflectivity  measurements  will  be 
investigated  for  improving  the  microphysical  retrievals. 


parameters 


0.10  0.20  0.30  0.40  O 

Density  (g/cm*) 

Figs.  5:  Same  as  Figs.  4  except  that  the  shape  of  the 
particles  is  assumed  to  be  fixed  at  (b/a)  =  2.5. 
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1.  INTRODUCTION 

There  have  been  a  number  of  studies  to  estimate  ice  water 
content  (IWC)  of  snow  clouds  using  radar  reflectivity  factor 
Z  [1  -4].  All  of  these  studies  show  extreme  variability  in  the 
IWC  -  Z  relations,  which  appear  to  change  from  day  to  day 
and  cloud  to  cloud.  High  diversity  in  the  IWC  -  Z  relations 
is  primarily  due  to  the  fact  that  reflectivity  factor  is 
proportional  to  the  product  of  IWC  and  average  mass  of  ice 
hydrometeors;  therefore  at  least  one  more  independent 
measurement  is  needed  to  resolve  this  ambiguity. 

Since  ice  and  snow  hydrometeors  are  nonspherical  the  use 
of  polarimetry  is  a  natural  way  for  estimation  of  bulk 
properties  of  snow  clouds  and  precipitaion  [5]. 

In  this  paper  we  develop  a  radar  polarimetric  model  of  a 
cloud  of  ice  hydrometeors  and  obtain  a  polarimetric  relation 
for  computing  IWC  .  We  account  for  the  diversity  of  crystal 
shape  and  the  dependence  of  shape  and  density  of  scatterers 
on  their  size.  Finally,  we  use  polarimetric  data  from  four 
Oklahoma  snowstorms  to  check  the  consistency  of  the  IWC 
estimates  (obtained  from  the  proposed  polarimetric  algorithm) 
with  those  derived  using  conventional  IWC  -  Z  relations. 

2.  ASSUMPTIONS 

We  model  ice  particles  as  oblate  and  prolate  spheroids  with 
axes  a  and  b,  where  axis  a  is  always  the  axis  of  rotation.The 
oblates  are  assumed  oriented  so  that  the  axis  of  rotation  is 
vertical  whereas  prolates  are  considered  to  be  randomly 
oriented  in  the  horizontal  plane. 

We  attempt  to  model  the  transition  from  elementary 
pristine  crystals  to  aggregates  taking  into  account  the 
dependence  of  dry  snow  density  on  the  size  of  snow  particles 
as  specified  by  Brown  and  Francis  [6]: 

p  =  0.07  i  (1) 

In  (1)  2md  throughout  the  paper  p  is  in  g  cm‘^  and  D  in  mm. 

The  shape  of  ice  hydrometeor  is  highly  variable.  It  depends 
on  the  type  of  crystal  and  its  size.  Following  Matrosov  et  al. 
[7]  we  examine  1 1  categories  of  ice  particles  with  distinctly 
different  dependencies  of  their  aspect  ratios  on  size.  These 
categories  are  listed  in  Table  1.  The  relation  between  the 
crystal’s  smaller  and  larger  dimensions  (h  and  L  respectively) 
can  be  expressed  by  the  power  law  [7] 


Table  1.  The  coefficients  a  and  p  for  different  classes  of 
crystals  [7] 


Crystal  class 

a 

13 

1.  Dendntes 

U.U38 

0.3/7 

2.  Solid  thick  plates 

0.230 

0.778 

3.  Hexagonal  plates 

0.047 

0.474 

4.  Solid  columns  (L/h  <  2) 

0.637 

0.958 

5.  Solid  columns  (L/h  >  2) 

0.308 

0.927 

6.  Hollow  columns  (L/h  <  2) 

0.541 

0.892 

7.  Hollow  columns  (L/h  >  2) 

0.309 

0.930 

8.  Long  solid  columns 

0.128 

0.437 

9.  Solid  bullets  (L  <  0.3  mm) 

0.250 

0.786 

10.  Hollow  bullets  (L  >  0.3  mm) 

0.185 

0.532 

1 1 .  Elementary  needles 

0.073 

0.611 

A  =  a  LP  (2) 

where  the  coefficients  a  and  P  in  (2)  are  listed  in  the  second 
and  third  columns  of  Table  1,  for  h  and  L  expressed  in  mm. 


3.  BASIC  RELATIONS 

In  the  model  we  use  the  Rayleigh  approximation. 
Therefore,  the  final  results  are  valid  at  least  for  the  centimeter 
wavelengths.  In  the  Rayleigh  region  the  scattering  amplitudes 
of  spheroidal  particles  in  forward  and  backward  directions  are 
equal  and  can  be  expressed  as  [8]: 

fa,b  =  /a^(0)  =  ^  ^ajb  (3) 

where 

T—  (4) 

L  .  +  _ i _ 

^  e  -  1 

In  (3)  X  is  the  wavelength  in  mm,  f,  is  the  scattering 
amplitude  if  the  electric  field  vector  is  parralel  to  the  axis  of 
rotation  of  the  hydrometeor,  and  f,,  stands  for  the  scattering 
amplitude  if  the  electric  vector  is  perpendicular  to  the  axis  of 
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rotation.  The  parameter  determines  the  shape  of  the 
hydrometeor  [8].  The  radar  cross-section  of  a  snow  particle  is 
given  by 

^  (5) 

We  consider  the  case  of  hydrometeor  illumination  at  low 
elevation  angles.  Thus,  the  expressions  for  radar  reflectivity 
factors  at  orthogonal  linear  polarizations  and  specific 
differential  phase  are  as  follows: 


and 


Note  that  both  K^p  and  Z^p  are  highly  dependent  on  the 
particle  shape  because  ‘  ^  (La-  Lb)  according  to  (4) 

whereas  their  ratio  does  not  depend  on  the  shape  and  is 
determined  only  by  the  particle  mass.  Combining  Zb  and 
Zdp/Kdp  we  obtain 

IWC  =  C  =  C  Kj^p((l  -  Z[)^  (10) 


Thus,  IWC  can  be  estimated  using  K^p  and  Z^r. 

Using  (3  -  5)  we  can  derive  power  low  relations  between 
the  mass  of  the  particle  M  and  parameters  Gband  Re(fb-fv)  for 
all  eleven  classes  of  hydrometeors 


a.  =  a, 

*  9X*  ‘ 


(11) 


KaP  =  —  [Re  (fh-U  ^  (7) 

where  4  =  4,  4  =  4,  ^b  =  Gb,  G,  =  g,  for  oblate 
hydrometeors.  In  (6)  K  =  |  (£^-l)/(e^+2)  I ,  is  the 
dielectric  constant  of  water.  Zb,,  is  expressed  in  mm^m'^,  K^p 

-  is  in  deg  km‘\ 

Our  objective  is  to  obtain  the  relation  between  ice  water 
content  IWC  and  radar  variables  Zb,  Kpp  and  either  Z^p  =  Zb 

-  Z„  or  Zdr  =  Zb/Z„ .  These  variables  are  readily  available  if 
measurements  are  performed  in  linear  vertical  -  horizontal 
polarization  basis. 

It  follows  from  (1)  that  the  density  p  of  ice  hydrometeor  is 
usually  quite  low  if  its  size  is  larger  than  0.5  mm.  At  low 
densities  e  -  1  is  roughly  proportional  to  p,  e  -  1  =  pp. 
Furthermore,  L^b«  VCe-l)  in  (4)  and  the  expression  for 
can  be  expanded  as  follows 

“  |ip  (1  -  (8) 

At  the  first  approximation  for  oblate  particles  0^  =  0^" 

~  ]VP  where  M  is  mass  of  the  particle.  Therefore  for  a  narrow 
intreval  of  particle  size  (or  mass)  the  reflectivity  factor  is 
proportional  to  the  product  of  partcle  concentration  N  and 
square  of  their  mass  Zb  ~  N  M^.  At  the  same  time  ice  water 
content  is  proportional  to  the  product  of  concentration  and 
mass:  IWC  ~  N  M.  Both  IWC  and  Zb  do  not  depend  on  the 
shape  of  ice  hydrometeor.  To  estimate  IWC  we  need  to 
determine  N  and  M  independently.  In  order  to  accomplish  this 
it  is  necessary  to  find  an  independent  polarimetric  parameter 
from  which  either  N  or  M  can  be  derived.  Such  a  parameter 
could  be  the  ratio  Z^p/K^p  which  can  be  written  as 

*or  D*(E,-y 


(12) 


The  coefficients  ai2  and  b2  are  different  for  different 
categories  of  crystals. 

Remarkably,  the  ratio  (Gb  -  G„)/Re  (4  -  4)  is  almost 
linearly  proportional  to  the  mass  of  the  ice  particle: 


Re  (fk  - 


271^  w 

—  a,M 


(13) 


In  (13)  the  coefficient  is  about  5.2  and  practically  doesn’t 
depend  on  the  type  of  ice  crystals  and  their  density. 

It  is  easy  to  obtain  the  expressions  for  the  integral 
parameters  Zb,  K^p,  and  Z^p  using  (6  -  7)  and  (11  -  13)  and 
assuming  exponential  type  of  particle  size  distribution. 
Combining  IWC,  Zb,  K^p,  and  Z^p  in  (10)  yields  the 
coeffcient  C  =  XC^  where  C, «  4.4  10'^  if  X  is  expressed  in 
mm  and  IWC  -  in  g  m The  coefficient  Cj  is  quite  stable  for 
all  types  of  crystals  examined.  The  RMS  deviation  of  C^ 
about  ther  mean  is  5%.  This  means  that  the  relation  (10) 
practically  is  not  sensitive  to  the  shape  of  snow  particles.  We 
have  examined  the  susceptibility  of  (10)  to  the  variations  in 
the  density  dependence  on  particle  size.  Several  possible 
dependencies  were  simulated  matching  experimental  data  from 
[6].  The  corresponding  changes  in  do  not  exceed  20  %. 
The  coeffcient  increases  slowly  as  average  p  increases. 

The  advantage  of  the  method  is  that  it  is  immune  to  radar 
calibration  errors  because  the  absolute  value  of  the  radar 
reflectivity  factor  is  not  involved.  However,  the  suggested 
technique  has  two  limitations:  first,  it  doesn’t  work  well  for 
very  low  values  of  K^p  and  Z^r  and,  second,  it  overestimates 
the  actual  ice  water  content  if  heavy  aggregation  of  crystals 
takes  place.  The  second  limitation  is  a  reflection  of  the  fact 
that  large  low-density  aggregates  contribute  much  to  IWC 
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and  7^  but  practically  do  not  affect  K^p  and  Z^p. 

4.  EXPERIMENTAL  EVALUATION 

We  have  examined  four  Oklahoma  snowfall  events  for 
which  data  from  the  S-band  Cimarron  polarimetric  radar  were 
available  K^p  and  Z^r).  There  were  no  aircraft 
penetrations  in  these  storms,  so  direct  (in-situ)  measurements 
of  ice  water  content  have  not  been  made.  The  only  possibility 
left  was  to  estimate  IWC  using  the  suggested  method  and 
compare  the  results  with  IWC  estimates  obtained  from 
traditional  IWC  -  Z  relations. 

For  the  two  snowfalls  selected  (03.01.95  and  03.02.95)  the 
observations  were  performed  far  behind  a  cold  front  in 
regions  of  surface  temperature  below  -5'’C.  In  these  two  cases 
crystals  were  dominant  type  of  ice  particles.  The  other  two 
snowstorms  (01.05.95  and  03.08.94)  were  observed  near  the 
frontal  boundary  with  warm  air,  so  the  presence  of  aggregates 
together  with  pristine  crystals  was  more  likely  for  the  latter 
storms. 

Ice  water  content  estimates  computed  from  K^p  and  Z^r  are 
plotted  against  measured  Z^  in  Fig.  1  for  all  four  snowfalls. 
Different  symbols  stand  for  four  different  days.  Plotted  on  the 
same  graph  are  the  lines  representing  three  IWC  -  Z 
dependencies  reported  in  the  literature.  One  of  them  IWC  = 
0.064  Z^-^^  was  presented  by  Atlas  et  al  [4]  and  represents  the 
best  fit  for  cirrus  clouds  in  the  range  of  reflectivities  between 
-50  and  10  dBZ.  The  second  one  ,  IWC  =  0.035  Z°-^^ 
suggested  by  Heymsfield  [2]  summarizes  the  results  obtained 
for  stratiform  ice  clouds  in  the  Z  interval  between  -15  and  25 
dBZ.  And,  finally,  the  third  one:  IWC  =  0.013  Z°-^^  is 
supposed  to  be  valid  for  snowfalls  with  reflectivities  larger 
than  20  dBZ  [1]. 

The  estimated  values  of  IWC  are  in  best  agreement  with 
the  dependence  reported  by  Atlas  et  al.  [4]  and  its 
extrapolation  to  larger  reflectivity  factors  (line  1  in  Fig.l). 
The  majority  of  data  points  lie  slightly  above  the  Heymsfield 
line  (curve  2)  and  no  data  fit  Sekhon  -  Srivastava  dependence 
(curve  3).  The  data  for  two  colder  days  of  03.01.95  and 
03.02.95  when  crystals  were  a  dominant  scatterers  agree 
better  with  the  Atlas  et  al.  and  Heymsfield  dependencies.  As 
expected,  the  worst  correrspondence  (large  overestimation)  is 
evident  for  the  case  of  03.08.94  (triangles  in  Fig.  1)  when 
heavy  aggregation  was  more  likely  than  for  other  cases. 

These  preliminary  tests  of  the  proposed  polarimetric 
technique  for  ice  water  content  determination  indicate  that  the 
polarimetric  method  shows  good  consistency  with  the 
traditional  one  based  on  IWC  -  Z  relations  if  ice  crystals  are 
dominant  scatterers  in  a  cloud.  In  the  presence  of  heavy 
aggregation  the  suggested  method  is  likely  to  overestimate  the 
actual  ice  water  content. 


Z  (dBZ) 

Fig.  1.  IWC  estimates  obtained  from  polarimetric  variables 
versus  measured  values  of  radar  reflectivity  factor  for  four 
Oklahoma  snowstorms:  03.01.95  (+),  03.02.95  (*),  01.05.95 
(o),  03.08.94  (A).  1  -  Atlas  et  al  [4];  2  -  Heymsfield  [2]; 

3  -  Sekhon  and  Srivastava  [1]. 


REFERENCES 

[1]  R.  S.  Sekhon  and  R.  C.  Srivastava,  "Snow  size  spectra 
and  radar  reflectivity",  /.  AtmosSci.,  vol.  27,  pp.  299  - 
307,  1970. 

[2]  A.  J.  Heymsfield,  "Precipitation  development  in  stratiform 
ice  clouds:  a  microphysical  and  dynamical  study,"  /. 
Atmos,  Sci.,  vol.  34,  pp.  367  -  381,  1977. 

[3]  K.  D.  Sassen,  "Ice  cloud  content  from  radar  reflectivity", 
J.  AppL  Meteor,,  vol.  26,  pp.  1293  -  1299,  1987 

[4]  D.  Atlas,  S.  Y.  Matrosov,  A.J.  Heymsfield,  M.-D.  Chou, 
D.  B.  Wolff,  "Radar  and  radiation  properties  of  ice 
clouds",  J,  AppL  Meteor,,  vol.  34,  pp.  2329  -  2345,  1995. 

[5]  J.  Vivekanandan,  V.  N.  Bringi,  M.  Hagen,  P.  Meischner, 
"Polarimetric  radar  studies  of  atmospheric  ice  particles", 
IEEE  Trans,  Geosci,  Rem,  Sens,,  vol.  32,  pp.  1  -  10, 
1994. 

[6]  P.  R.  A.  Brown  and  P.  N.  Francis,  "Improved 
measurements  of  the  ice  water  content  in  cirrus  using  a 
total-water  probe",  J.  Atmos.  Ocean.  Tech.,  vol.  12,  pp. 
410  -  414,  1995. 

[7]  S.  Y.  Matrosov,  R,  F.  Reinking,  R.  A.  Kropfli,  B.  W. 
Bartram,  "Estimation  of  ice  hydrometeor  types  and  shapes 
from  radar  polarization  measurements",  J.  Ocean.  Atm. 
Tech.,  vol.  13,  pp.  85  -  96,  1996. 

[8]  H.  C.  Van  de  Hulst,  Light  Scattering  by  Small  Particles, 
Dover  Publications,  Inc.,  New  York,  470  pp.,  1981. 


559 


Simulation  of  Dual-Polarization  Bistatic  Scattering  from  Rain  and  Hail 


K.  Aydin  and  S-H.  Park 
The  Pennsylvania  State  University 
Department  of  Electrical  Engineering 
University  Park,  PA  16802 
Phone:  (814)  865-2355 
FAX:  (814)863-8457 
e-mail:  aydin@cloudl.ee.psu.edu 


ABSTRACT  -  S-band  bistatic  radar  parameters  are 
simulated  to  evaluate  their  potential  for  discriminating  rain 
and  hail  and  estimating  their  median  size.  In  this  paper, 
results  for  vertically  polarized  transmission  with  co-  and 
cross-polarized  reception  are  considered  for  several  bistatic 
directions.  The  linear  depolarization  ratio,  the  effective 
reflectivity  factor,  the  bistatic  to  backscatter  reflectivity 
ratio  (BBRv),  and  the  correlation  coefficient  between  the 
CO-  and  cross-polarized  returns  are  evaluated.  It  is 
observed  that  each  one  of  these  parameters  can  differentiate 
rain  from  hail  under  certain  conditions.  However,  when  all 
of  them  are  used  in  combination  they  can  be  effective  over 
a  broader  range  of  possibilities.  It  is  also  noted  that  BBRv 
may  be  a  good  estimator  of  median  size. 

INTRODUCTION 

A  bistatic  radar  system  for  measuring  dual-Doppler 
vector  wind  fields  has  recently  been  demonstrated  [1].  It  is 
of  interest  to  evaluate  the  utility  of  polarization  with  such  a 
system  for  differentiating  hail  from  rain  and  estimating 
hailstone  size  (e.g.,  median  size).  This  paper  presents 
simulations  of  S-band  dual-polarization  bistatic  radar 
parameters  in  rain  and  hail.  A  three  dimensional  canting 
distribution  is  used  with  oblate  spheroidal  model  raindrops 
and  hailstones.  Exponential  size  distributions  reported  in 
the  literature  are  incorporated  in  these  simulations.  The 
scattering  computations  are  performed  with  the  extended 
boundary  condition  method  [2]. 

RAIN  AND  HAIL  MODELS 

Raindrops  and  hailstones  are  modeled  as  oblate 
spheroids.  The  axial  ratios  of  hailstones  are  assumed  to  be 
independent  of  size  and  chosen  equal  to  0.8  [3].  Raindrop 
axial  ratios  are  calculated  from  Green’s  formula  [4]. 

The  S-band  scattering  computations  are  performed  at 
2.75  GHz.  The  dielectric  constant  of  a  raindrop  at  5  °C  is 
80.89 -j  19.92  [5].  The  dielectric  constant  of  water  at  0°C 
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is  80.92-j23.51  and  of  solid  ice  is  3.17-j0.004.  Hailstones 
made  of  solid  ice  and  a  mixture  of  10%  water  and  90%  ice 
are  considered  here.  The  latter  mixture  leads  to  a  dielectric 
constant  of  8.63-jl.63  [6]. 

The  orientation  of  an  oblate  spheroidal  particle  can  be 
described  by  the  polar  (0)  and  azimuthal  (<]))  angles  of  its 
symmetry  axis  in  a  coordinate  system  where  the  z-axis  is 
along  the  vertical  direction,  Fig.l.  Both  angles  are  assumed 
to  be  size  independent.  The  azimuth  angle  ^  is  assumed  to 
be  uniformly  distributed  between  0  and  2n.  The  polar 
angle  0  is  assumed  to  have  a  truncated  Gaussian 
distribution.  The  mean  and  standard  deviation  of  0  are 
chosen  as  0°  and  5°  for  raindrops,  and  0°  and  30°  for 
hailstones,  respectively.  The  results  presented  here  do  not 
change  appreciably  if  the  mean  angle  for  hailstones  is  set  to 
90°. 

The  exponential  size  distribution 

/v(d)  =  ATq  exp(-AZ))  (1) 

is  used  for  both  rain  and  hail.  Here  D  is  the  equivolume 
spherical  diameter  of  the  particle.  Two  different 
exponential  distributions  are  considered  for  rain:  the 
Marshall-Palmer  (MP)  [7]  and  Joss  thunderstorm  (J-T),  [8]. 
For  the  MP  distribution  No  =  8(X)0  the  maximum 

drop  diameter  is  6  mm,  and  A  is  varied  between  1.5  to  4 
mm  \  which  corresponds  to  rainfall  rate  in  the  range  1  to 
120  mm  For  the  J-T  distribution  Nq  =  1400  mm^m\ 
the  maximum  drop  diameter  is  8  mm,  and  A  is  varied 
between  1  to  3  mm  \  corresponding  to  rainfall  rate  in  the 
range  1  to  187  mm  h‘\  The  hailstone  size  distribution 
follows  the  model  given  in  [9],  which  relates  No  and  A  as 
No  =  4000  A^ ^  mm^m^  with  A  in  mm'^  units.  Here  we  have 
truncated  the  distribution  at  a  maximum  size  of  50  mm  and 
varied  A  from  0.1  to  0.8  mm\  which  corresponds  to  a 
median  size  range  of  4.6  to  30.5  mm. 

RESULTS  AND  DISCUSSIONS 

The  results  presented  in  this  paper  focus  on  transmission 
of  V  polarization  only  and  reception  of  both  the  co- 
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polarized  and  the  cross-polarized  (h)  components.  The  v 
and  h  polarization  directions  are  chosen  as  the  0  and  ^ 
unit  vector  directions,  respectively,  in  a  spherical 
coordinate  system  with  the  z-axis  pointing  vertically  up. 
The  radar  parameters  of  interest  are  the  effective 
reflectivity  factor  at  v  polarization  Zy,  the  linear 
depolarization  ratio  LDRy  =  ZhyfZy,  where  Zhv  is  the  cross- 
polarized  reflectivity  factor,  the  bistatic  to  backscattering 
reflectivity  ratio  BBRy  =  Zv(bistatic)  /  Zv(backscatter),  and 
the  correlation  between  the  co-  and  cross-polarized  signals, 

Pxv 

Figure  2  shows  plots  of  LDRy  vs.  Zy,  BBRy  vs.  p^y  and 
BBRy  vs.  A  for  several  bistatic  scattering  angles  with  0,  = 
100°  and  =  30°,  60°,  90°,  120°  and  150°  (the  subscript  s 
indicates  scattering  direction).  The  transmitted  wave  is 
incident  on  the  scattering  volume  from  the  0i  =  90°  and  = 
0°  direction  (the  subscript  i  indicates  the  incidence 
direction).  Hence,  for  back  and  forward  scattering  we  have 
(0s  =  90°,  (|)s  =  0°)  and  (0,  =  90°,  <|>s  =  180°),  respectively. 

It  is  clear  that  slightly  wet  hail  has  significantly  higher 
LDRy  values  than  rain,  whereas  dry  hail  (solid  ice)  has 
values  comparable  to  rain.  Also,  it  appears  that  the 
differences  in  LDRy  for  rain  and  hail  are  larger  in  the  (f),  = 
30°,  60°  and  90°  directions  (backward  quadrant). 

For  the  models  used  in  these  simulations  Zy  >  60  dBZ 
clearly  indicates  hail.  However,  as  in  the  monostatic  radar 
case,  using  Zy  alone  may  not  be  reliable  for  detecting  hail. 

BBRy  appears  to  be  most  useful  for  differentiating  rain 
and  hail  (both  dry  and  wet)  in  the  (j)*  =  90°,  120°  and  150° 
directions  (forward  quadrant).  Furthermore,  BBRy  is  not 
sensitive  to  particle  orientation  (not  shown  here).  Finally, 
the  nearly  one-to-one  dependence  of  BBRy  on  A  in  these 
directions  indicates  that  it  may  be  used  for  estimating  the 
median  diameter  Do,  since  Do  relates  to  A. 

The  lower  values  of  BBRy  corresponding  to  small  hail 
coincide  with  those  of  rain.  However,  when  combined  with 
Pxy,  even  small  hail  may  be  distinguished  from  rain  since 
small  hail  exhibits  p^y  values  below  that  of  rain.  As  a 
result,  by  combining  all  of  these  radar  parameters  one  can 
discriminate  rain  from  hail  with  more  confidence  and 
possibly  estimate  hailstone  median  size.  If  a  dual 
polarization  transmitter  is  used,  then  the  number  of 
available  radar  parameters  that  must  be  interpreted  self 
consistently  will  be  more  than  doubled.  This  can  enhance 
the  level  of  confidence  in  the  interpretation  of  polarimetric 
radar  parameters.  It  is  also  worth  noting  that  these 
parameters  may  prove  useful  in  identifying  the  melting 
layer. 
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ABSTRACT  ~  Some  interesting  aspects  of  millimeter- 
wave  (35,  94,  220  GHz)  scattering  properties  of  various 
types  of  ice  crystals  are  presented.  TTiese  ice  crystals 
include  three  types  of  bullet  rosettes  which  are  compared 
with  hexagond  colunms  and  hexagonal  plates.  The 
elevation  angle  dependence  of  differential  reflectivity  and 
linear  depolarization  ratio  for  certain  bullet  rosettes  show 
distinct  signatures  that  are  different  than  columns  and 
plates. 

INTRODUCTION 

Millimeter-wave  (mm-wave)  radars  at  35  and  94  GHz  are 
now  being  used  for  probing  clouds  both  from  ground-based 
and  airborne  platforms  [l]-[5].  A  major  challenge  in 
practice  is  the  interpretation  of  these  measurements  for 
differentiating  ice  crystal  types.  For  this  purpose  it  is 
necessary  to  evaluate  the  scattering  characteristics  of 
different  ice  crystals  through  model  computations. 
Hexagonal  colunms,  hexagonal  plates  and  stellar  crystals 
have  already  been  studied  at  35,  94  and  220  GHz  [5]-[10]. 
This  paper  focuses  on  some  interesting  aspects  of  the 
scattering  properties  of  bullet  rosettes  and  their  differences 
with  colunms  and  plates.  The  finite-difference  time-domain 
method  is  used  for  the  scattering  computations  [11]. 

MODEL  ICE  CRYSTALS 

The  model  bullet  rosettes  and  hexagonal  colunms  and 
plates  are  shown  in  Fig.l.  The  elemental  bullets,  which 
look  like  colunms  that  narrow  down  at  the  connection  point 
in  the  rosette  structure  [12],  are  modeled  as  colunms  here. 
This  is  not  expected  to  have  any  significant  effect  on  their 
scattering  characteristics  at  millimeter  wave  frequencies. 
Note  that  all  four  branches  of  the  4-4  rosette  lie  on  the  same 
plane.  Four  branches  of  the  6-3  rosette  also  lie  on  the  same 
plane  with  two  branches  orthogonal  to  that  plane.  In  the 
case  of  the  8-1  rosette,  each  of  the  two  sets  of  four  branches 
lie  on  a  plane.  These  planes  make  an  angle  of  70°  with 
each  other.  The  ice  crystals  are  assumed  to  have  a  density 
of  0.9  g  cm\  resulting  in  dielectric  constants  3.1307- 
j0.0298,  3.1307-j0.0111,  and  3.1307-j0047  at  35,  94  and 
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220  GHz  frequencies,  respectively. 

The  relationship  between  the  maximum  (d)  and 
minimum  dimensions  of  hexagonal  columns  and  plates  are 
given  in  [13]  and  [7].  For  the  rosettes  each  branch  has  a 
length  L  and  a  width  w.  These  are  related  as  [14]: 

tv  =  0.25  for  L  <  0.3  mm, 

w  =  0.185  for  L  >  0.3  mm, 

where  both  w  and  L  are  in  mm  units.  Hence,  the  maximum 
dimension  of  any  rosette  considered  here  is  =  2L. 

For  the  purpose  of  describing  the  orientation  model  of 
the  ice  crystals  let  us  define  a  symmetry  axis  for  each  one. 
The  symmetry  axis  of  a  plate  is  perpendicular  to  its  broad 
surface.  The  axis  of  a  column  is  its  symmetry  axis.  For  a 
4-4  rosette  it  is  perpendicular  to  the  plane  formed  by  the 
four  branches.  For  a  6-3  rosette  it  is  the  same  as  the  axes  of 
two  branches  that  are  perpendicular  to  the  remaining  four. 
In  the  case  of  the  8-1  rosette,  the  symmetry  axis  is 
perpendicular  to  the  line  formed  by  the  intersection  of  the 
two  planes,  each  containing  four  branches,  and  bisects  the 
larger  angle  (110°  angle)  between  the  two  planes.  The 
orientation  of  an  ice  crystal  is  determined  by  the  polar  and 
azimuthal  angles  0  and  <|)  of  its  symmetry  axis  and  the 
rotation  angle  \|f  of  the  crystal  around  its  symmetry  axis. 
Here  we  assume  that  all  three  angles  are  independent  and  <|) 
and  \|/  are  uniformly  distributed  between  0  and  In.  The 
polar  angle  0  is  assumed  to  have  a  Gaussian  distribution 
with  mean  0=0°  (except  for  colunms  for  which  6  =  90°) 
and  10°  standard  deviation,  [8]. 

RESULTS  AND  DISCUSSIONS 

Due  to  limited  space  we  present  only  two  scattering 
parameters  of  interest  for  radar  applications,  differential 
reflectivity  (Zdr)  and  linear  depolarization  ratio  (LDR). 
For  a  single  scatterer  these  can  be  expressed  as: 


^DR  -  ^hhl^w 

(2.a) 

LDRh  =  o^hl<^hh 

(2.b) 

where  the  &s  are  the  orientation  averaged  radar  cross 
sections;  Ghh  and  Gw  are  the  co-polarized  cross  sections  and 
Gvh  is  the  cross-polarized  cross  section  (transmit  h  and 
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receive  v  polarization).  The  results  for  the  five  ice  crystal 
models  with d-2  mm  are  shown  in  Fig.2.  LDR  is  less  than 
40  dB  at  35  GHz  for  the  6-3  and  8-1  rosettes,  hence  they 
do  not  appear  on  these  graphs  which  show  only  those 
values  above  -40  dB.  Also  note  that  Zdr  =  0  dB  ai  35  GHz 
for  these  two  rosette  types  at  all  radar  elevation  angles. 
Hence,  based  on  Zdr  and  LDR  measurements  at  35  GHZy 
these  two  crystal  types  would  appear  like  spherical 
particles. 

The  general  trends  in  both  LDR  and  Zdr  that  are 
discussed  below  are  valid  for  smaller  sizes  down  to  several 
tenths  of  a  mm.  It  should  be  noted  that  LDR  decreases 
(becomes  more  negative)  with  decreasing  size  for  all  crystal 
types,  however,  this  decrease  is  most  dramatic  for  the  6-3 
and  8-1  rosettes.  Zdr  tends  towards  0  dB  with  decreasing 
size,  again  most  rapidly  for  the  6-3  and  8-1  rosettes. 

It  is  interesting  to  note  that  the  variations  of  Zdr  and 
LDR  as  a  function  of  radar  elevation  angle  (a)  are  different 
for  the  bullet  rosettes  and  the  hexagonal  columns  and 
plates.  It  has  been  noted  before  that  with  increasing  a  the 
depolarization  ratio  steadily  increases  for  columns  and 
decreases  for  plates  [4], [8].  For  the  6-3  and  8-1  rosettes  the 
94  GHz  LDRh  has  a  peak  at  about  a  =  45®  and  the  220  GHz 
LDRh  oscillates.  The  4-4  rosette  and  the  plate  have  a 
similar  LDRh  trend  at  35  and  94  G/ft,  but  at  220  GHz 
LDRh  bas  a  peak  near  a  =  60®. 

Zdr  shows  a  similar  trend  for  the  column,  plate  and  4-4 
rosette,  it  decreases  from  positive  values  down  to  0  dB  with 
increasing  elevation  angle.  For  the  6-3  rosette  the  94  and 
220  GHz  Zdr  is  negative  at  a  =  0®  and  has  a  maximum 
(positive  peak)  at  a  =  45®.  For  the  8-1  rosette  Zdr  is 
positive  at  a  =  0°  and  has  a  minimum  (negative  peak)  near 
a  =  60®. 

Hence,  using  the  elevation  angle  dependence  of  Zdr  and 
LDR  one  can  discriminate  between  columns,  plates  and 
bullet  rosettes.  The  94  and  220  GHz  millimeter-wave 
frequencies  appear  to  be  more  sensitive  than  35  GHz  for 
identifying  bullet  rosettes  with  these  linear  polarization 
parameters. 
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Fig.  1  Ice  crystal  models,  a)  4-4  bullet  rosette,  b)  6-3  bullet 
rosette,  c)  8-1  bullet  rosette,  d)  hexagonal  column,  and  e) 
hexagonal  plate.  (The  branches  of  a  rosette  are  identical  in 
size.) 
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[dB]  Zqr  [dB]  ZpR  [dB]  ZpR  [dB] 


elevation  angle  [  deg  ]  elevation  angle  [  deg  ] 

Fig.  2  Zdr  and  LDRh  as  a  function  of  radar  elevation  angle  for  five  different  ice  crystals  each  with  a  maximum 
dimension  of  2  mm. 
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ABSTRACT 

WISP94  CSU-CHILL  radar  data  and  ground  snowgage 
measurements  at  Stapleton  International  Airport  (SIA)  and 
Denver  International  Airport  (DIA),  Denver,  Colorado,  are 
analyzed  in  this  paper.  Traditionally,  the  radar  estimation 
of  ground  snowfall  is  estimated  by  Z-S  relations.  The  perfor¬ 
mance  of  such  parametric  relations  are  not  satisfactory  due 
to  the  complexities  of  the  snow  process.  In  this  paper  a 
radial-basis  function  neural  network  based  algorithm  is  ap¬ 
plied  to  map  the  relationship  between  the  radar  observations 
and  ground  snowfall  measurements.  The  development  of  the 
neural  network  based  technique,  and  the  snowfall  estimation 
results  are  presented. 

INTRODUCTION 

Using  radar  to  measure  snowfall  has  been  the  research  topic 
for  radar  meteorologists  for  decades.  Traditionally,  a  para¬ 
metric  reflectivity-snowfall  (Z-S)  relation  is  used  to  estimate 
ground  snowfall  based  on  radar  observations.  However,  the 
accuracy  and  reliability  of  Z-S  relations  are  limited  by  two  im¬ 
portant  factors.  First,  the  nature  of  snowfall  varies  greatly 
from  storm  to  storm  and  location  to  location  due  to  the  dif¬ 
ference  in  ice  crystal  types,  degree  of  rimming,  snow  intensity 
and  fall  speeds,  etc.  Second,  most  weather  radar  systems  are 
conventionly  calibrated  to  measure  the  reflectivity  factor  of 
water  drops  instead  of  snowflakes  and  ice  crystals.  Thus  many 
factors  need  to  be  considered  to  substantiate  the  Z-S  relations. 

Due  to  the  universal  function  approximation  capability  of 
the  multilayer  feedforward  neural  networks  (MFNN),  multi¬ 
layer  perceptron  (MLP)  networks  have  been  proposed  for  the 
rainfall  estimation  problems  [1].  In  this  paper,  another  struc¬ 
ture  of  MFNN,  the  radial-basis  function  (RBF)  network  [2],  is 
developed  for  snowfall  estimation.  The  whole  radar  observed 
vertical  reflectivity  profile  over  the  cloud  are  applied  to  the 
RBF  network  as  the  input.  The  network  is  first  trained  to 
approximate  the  functional  relationship  between  the  vertical 
profiles  and  ground  snow  depths  by  using  the  snowgage  mea¬ 
surements  as  the  target  outputs.  Then,  separate  data  which 
are  not  part  of  the  training  data  are  used  to  test  the  general¬ 
ization  performance  of  the  RBF  network. 

Radar  reflectivity  data  collected  by  CSU-CHILL  multipa¬ 
rameter  radar  and  ground  snowfall  measurements  recorded 
by  snowgages  located  at  the  Stapleton  International  Airport 
(SIA)  and  the  Denver  International  Airport  (DIA),  Denver, 
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Colorado  during  the  Winter  and  Icing  and  Storms  Projects 
(WISP94)  were  used  for  this  study. 

RADAR  AND  SNOWGAGE  DATA 

WISP94  was  conducted  from  25  January  to  25  March  1994 
along  the  Colorado  Front  Range  area  [3].  Data  collected  dur¬ 
ing  two  snow  storm  events  (26  and  29  January  1994)  were  an¬ 
alyzed  in  this  paper.  The  three  snowgages  considered  were  the 
’’diaasos”  located  at  the  DIA  and  the  ”sianws”  and  ’’siaual”, 
both  located  at  the  SIA.  Table  I  lists  the  relative  locations  of 
the  CSU-CHILL  radar  and  the  three  snowgages  in  Cartesian 
coordinate. 

Table  I.  Relative  locations  of  the  radar  and  snowgages 


Instrument 

X  (km) 

Y  (km) 

CSU-CHILL 

0.0 

0.0 

diaasos 

-1.7836 

-68.1277 

sianws 

-20.0543 

-75.6591 

siaual 

-22.5181 

-75.3258 

For  each  PPI  volume  scan,  radar  reflectivity  measurements 
were  averaged  over  a  3  x  3  km  area  to  get  a  mean  value  at 
each  level  starting  from  height  of  0.5  km  to  5  km  with  ver¬ 
tical  spacing  of  0.5  km.  Thus  10  such  averaged  reflectivity 
values  were  obtained  representing  the  vertical  profile.  Fig.  1 
shows  examples  of  the  mean  vertical  reflectivity  profiles  ob¬ 
tained  above  the  three  snowgage  sites  at  around  1335  UTC, 
January  26,  1994. 

Snowgage  measurements  were  given  as  equivalent  liquid 
depth  in  inches.  15-minute  snowfall  accumulations  were  com¬ 
puted  based  on  snowgage  measurements  to  obtain  meaningful 


Fig.  1.  Vertical  reflectivity  profiles  above  three  snowgage  site, 
at  1335  UTC,  Jan.  26,  1994. 
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snow  depth  data.  For  each  radar  volume  scan,  the  correspond¬ 
ing  ground  snowfall  was  defined  as  the  15-minute  snowfall  ac¬ 
cumulation  with  the  same  starting  time  as  the  radar  volume 
scan.  Finally,  the  vertical  reflectivity  profiles  were  combined 
with  the  corresponding  15-minute  snowfall  accumulations  to 
form  a  data  set  for  the  whole  storm.  The  total  number  of 
samples  is  67  for  26  January  (15  from  ”diaasos”,  26  from 
”sianws”  and  26  from  ”siaual”),  and  is  11  for  29  January  (6 
from  "sianws”  and  5  from  ”siaual”).  This  data  set  was  further 
divided  into  two  parts,  one  contains  the  training  data  to  be 
used  to  train  the  RBF  network,  the  other  is  the  testing  data 
set  to  be  used  to  test  the  performance  of  the  network. 

THE  RBF  NEURAL  NETWORK 

The  radial-basis  function  (RBF)  network  belongs  to  the 
multilayer  feedforward  neural  network  (MFNN).  Fig.  2  shows 
the  structure  of  a  RBF  network.  It  contains  three  layers  which 
are  the  input  layer,  the  hidden  layer  and  the  output  layer,  re¬ 
spectively.  The  input  layer  accepts  input  vectors  from  outside 
and  pass  them  to  the  hidden  layer.  The  hidden  layer  units 
(neuron)  contain  many  nonlinear  radial-basis  functions  with 
different  centers  and  widths,  and  the  output  of  the  hidden  layer 
are  obtained  by  computing  the  radial-basis  function  value  of 
the  Euclidean  norm  between  the  input  vector  and  the  center 
vector.  The  output  layer  contains  a  layer  of  linear  units,  i.e., 
these  units  just  compute  the  weighted  summation  for  outputs 
coming  from  the  hidden  layer. 

In  this  study,  the  input  vector  is  the  vertical  reflectivity 
profile  and  the  output  is  the  corresponding  15-minute  snowfall 
accumulation.  The  connection  weights  Wij  and  the  centers  are 
to  be  decided  during  the  training  process.  An  orthogonal  least 
squares  (OLS)  learning  algorithm  [4]  is  implemented  to  train 
the  RBF  network  in  this  paper. 

SNOWFALL  ESTIMATION  RESULTS 
Mixed  Data  for  Training /Testing 

For  the  first  case  study,  about  half  of  the  data  from  all  three 
snowgages  on  26  January  (8  from  "diaasos”,  18  from  ”sianws” 
and  8  from  ”siaual”,  total  34)  were  used  to  form  a  training 
data  set,  and  the  rest  data  on  26  January  were  used  to  form 
the  testing  data  set  (7  from  ”diaasos”,  8  from  ”sianws”  and  18 
from  "siauaF,  total  33).  This  is  to  test  the  learning  and  gen¬ 
eralization  capability  of  the  RBF  network  for  the  functional 
relationship  between  the  vertical  profiles  and  ground  snowfall 


Fig.  2.  The  structure  of  radial-basis  function  network. 


Fig.  3.  Comparison  of  snowgage  measurements  and  RBF 
network  estimated  snowfall,  (a)  Training  data  (34 
samples,  01/26/94).  (b)  Testing  data  (33  samples, 

01/26/94) 


depth  based  on  a  well  representative  training  data  set.  Af¬ 
ter  applying  the  OLS  learning  algorithm,  the  number  of  hid¬ 
den  layer  neuron  was  decided  to  be  19  with  an  error  goal  of 
0.001.  Fig.  3a  shows  the  comparison  of  RBF  network  esti¬ 
mated  ground  snowfall  depth  and  the  corresponding  snowgage 
measurements  for  the  training  data  set.  Fig.  3b  is  similar  to 
Fig.  3a  except  for  the  testing  data  set. 

Data  from  Different  Locations  for  Training/Testing 

For  the  second  case  study,  all  data  from  one  snowgage 
(”sianws”)  on  26  January  was  used  to  form  the  training  data 
set  (26  samples)  whereas  data  from  the  other  two  snowgages, 
’’diaasos”  and  ’’siauaF,  were  used  to  form  the  testing  data 
set  (41  samples).  This  is  to  test  the  generalization  capability 
of  the  RBF  network  for  the  vertical  reflectivity  profile  versus 
ground  snowfall  relationship  from  one  location  to  others  inside 
a  snow  storm.  After  training  the  RBF  network  using  the  OLS 
learning  algorithm,  the  number  of  hidden  layer  neuron  was  de¬ 
cided  to  be  7,  with  an  error  goal  of  0.001.  Fig.  4a  and  4b  show 
the  comparison  of  snowgage  measurements  and  RBF  network 
estimated  ground  snowfall  depth  for  the  training  and  testing 
data,  respectively. 

Data  from  Different  Days  for  Training/ Testing 

For  the  third  case  study,  data  from  two  snowgages,  ”sianws” 
and  ”siaual”,  on  26  January  were  used  to  form  the  training  set 
(total  52  samples)  whereas  data  from  the  same  two  snowgages 
on  29  January  were  used  to  test  the  RBF  network  (total  11 
samples).  This  is  to  test  how  well  a  RBF  network  can  gen¬ 
eralize  the  vertical  profile  versus  ground  snowfall  relationship 
to  different  snow  storms.  Again,  after  training  with  the  OLS 
learning  algorithm,  the  number  of  hidden  layer  neuron  was  de¬ 
cided  to  be  7  with  an  error  goal  of  0.004.  Fig.  5a  and  5b  show 
the  comparison  of  snowgage  measurements  and  RBF  network 
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work  estimated  snowfall,  (a)  Training  data  (sianws, 
26  samples,  01/26/94).  (b)  Testing  data  (diaasos  and 
siaual,  41  samples,  01/26/94). 

estimated  ground  snowfall  depth  for  the  training  and  testing 
data,  respectively. 

Comparison  with  Z-S  Relation 

A  Z-S  relation  proposed  by  Smart  and  McGinley  was  also 
applied  to  obtain  snowfall  estimates  for  above  three  cases  [5]. 
This  Z-S  relation  is  given  as  Zh  ~  2005^*^^,  where  5  is  in  cm. 
Smart  and  McGinley  found  that  snow  accumulation  estimates 
based  on  this  Z-S  relation  closely  represent  the  observed  snow 
depth  over  the  northeastern  Colorado  area  in  their  study.  Sta¬ 
tistical  evaluation  parameters  such  as  bias,  root  mean  squared 
error  (rmse),  correlation  coefficient  (corr)  and  fractional  stan¬ 
dard  error  (FSE)  between  snowgage  measurements  and  snow¬ 
fall  estimates  obtained  by  the  RBF  network  and  the  Z-S  rela¬ 
tion  were  computed.  Table  II  summarizes  these  parameters  for 
the  RBF  network  estimates  and  Z-S  relation  estimates  based 
on  the  three  testing  data  sets. 


Table  IL  Statistics  of  RBF  network  and  Z-S  relation 


Case  # 
(Data  T^) 

Statistical  Parameter  | 

bias  (in) 

rmse  (in) 

corr 

FSE 

1 

(33) 

RBF 

-0.0004 

0.0043 

0.86 

0.22 

Z-S 

-0.0138 

0.0121 

0.79 

0.98 

2 

(41) 

RBF 

0.0019 

0.0058 

0.80 

0.26 

Z-S 

-0.0176 

0.0186 

0.55 

1.19 

3 

(11) 

RBF 

0.0019 

0.0082 

0.63 

0.38 

Z-S 

-0.0104 

0.0267 

0.60 

1.00 

CONCLUSION 

A  RBF  neural  network  based  technique  using  the  radar  ob¬ 
served  vertical  reflectivity  profiles  to  estimate  ground  snow¬ 
fall  depth  is  studied.  Results  from  three  different  training  and 
testing  data  sets  show  that  the  RBF  network  is  able  to  approx- 


(b) 

Fig.  5.  Comparison  of  snowgage  measurements  and  RBF 
network  estimated  snowfall,  (a)  Training  data  (52 
samples,  01/26/94).  (b)  Testing  data  (11  samples, 

01/29/94). 

imate  and  then  generalize  the  functional  relationship  between 
the  vertical  profiles  and  ground  snowfall  depth.  Comparison 
with  a  Z-S  relation  also  shows  that  the  RBF  network  can  give 
more  accurate  and  reliable  snowfall  estimates.  RBF  neural 
network  may  provide  a  promising  tool  for  the  snowfall  estima¬ 
tion  problem  pending  further  investigation. 
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Abstract  —  The  discovery  of  electric  discharges  above  transient  effects  track  upward  into  the  lower  ionosphere  [4]. 
thunderstorms  has  generated  intense  scientific  interest.  Atmospheric  conductivity  is  also  strongly  affected  by 


Studies  of  these  'sprites'  and  'jets’  have  focused  on  their 
characterization  by  optical  and  radio  techniques,  with  radar 
measurements  of  the  causative  storms  providing  insight  into 
related  weather.  We  describe  a  method  for  investigating  the 
electric  field  structure  above  thunderstorms  using  ground- 
based  radar  to  observe  chaff  dispersed  by  rockets.  Slender 
conducting  or  dielectric  chaff  will  generally  align  itself  with 
the  ambient  electric  field.  This  alignment  is  readily  detected 
by  appropriate  configurations  of  polarimetric  radar(s)  such 
as  are  now  used  in  meteorology  to  observe  the  nature  and 
motion  of  hydrometeors.  This  is  especially  convenient  as  it 
permits  the  thunderstorms  associated  with  sprites  and  jets  to 
be  characterized  with  the  same  experimental  facility.  This 
paper  renders  a  preliminary  examination  of  factors  such 
experiments  would  entail  and  features  that  a  multiparameter 
radar  might  utilize  to  probe  chaff  dispersed  by  small  rockets. 
Monostatic  and  bistatic  radar  measurements  of  scatter  from 
chaff  provide  a  powerful  tool  to  study  electric  fields 
associated  with  sprites  and  jets  as  well  as  other  atmospheric 
electric  fields. 

SCIENTinC  BACKGROUND 

Until  the  1980's  the  middle  atmosphere  (10-100  km)  was 
thought  to  be  a  relatively  passive  medium  which  held  limited 
interest  for  study.  However,  recent  discoveries  indicate  that 
the  middle  atmosphere  is  electrically  active  with  important 
implications  for  both  atmospheric/space  physics.  It  is  well 
known  that  ionospheric  and  magnetospheric  electric  fields 
penetrate  into  the  stratosphere  [1],  and  thunderstorm  related 
electric  fields  and  currents  strongly  affect  the  middle 
atmosphere  [2].  This  knowledge  has  been  advanced  by  the 
discovery  that  unique  electrical  phenomena  occur  in  the 
middle  atmosphere. 

A  new  source  of  electric  currents  in  the  stratosphere 
associated  with  internal  gravity  waves  or  inertial  waves  (26 
km)  was  found  [2];  strong  vertical  electric  fields  at 
mesospheric  altitudes  (60-80  km)  were  also  discovered  [3]. 
In  addition  to  large  scale,  slowly  varying  fields, 
thunderstorms  have  dramatic  influence  on  the  middle 
atmosphere.  For  example,  coordinated  balloon  and  rocket 
experiments  over  a  thunderstorm  indicated  that  lightning 
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thunderstorms  [5].  Most  interestingly,  rocket  flights  in 
1987-88  detected  optical  phenomena  tentatively  associated 
with  high  altitude  electric  discharges  over  thunderstorms  [6]. 
Then,  a  high  altitude  optical  discharge  was  captured  in  an 
optical  image  [7]. 

By  the  late  1980's,  observations  accumulated  that  extended 
scientific  interest  in  middle  atmospheric  electrodynamics. 
This  newly  invigorated  area  of  atmospheric  physics  gained 
public  attention  via  NASA  experiments  on  these  upward 
optical  discharges  [8];  these  led  to  the  designation  of  the 
observations  as  Red  Sprites  and  Blue  Jets  in  accordance  with 
the  colors  of  the  emissions.  Sprites  are  red  luminous,  very 
transient  structures  which  stretch  from  near  40  to  90  km 
altitude  with  a  horizontally  striated  structure  which  points 
backward  to  a  spot  in  the  large  anvil  structure  of  a  mesoscale 
convective  complex  (MCC)  [9].  Blue  Jets  appear  to  arise  out 
of  the  tops  of  MCCs  as  a  luminous  fountain  that  reaches 
upwards  to  35  or  40  km.  Sprites  and  Jets,  as  well  as  the 
recently  discovered  Elves  [10],  are  distinct  middle 
atmosphere  phenomena,  none  of  which  have  ever  been 
detected  in-situ.  Their  electrical  nature  has  been  investigated 
theoretically  [11],  but  the  actual  in-situ  experimental 
parameters,  such  as  the  time-dependence  of  the  charge 
density  and  electric  field,  needed  to  validate  these  theories, 
remain  an  educated  guess. 

While  quasistatic  middle  atmosphere  electrical  structure 
can  be  studied  with  successive  rocket  flights,  it  is  nearly 
impossible  to  obtain  in-situ  electrodynamic  measurements 
during  transient  Red  Sprite  or  Blue  Jet  events.  It  appears  that 
Sprites  are  associated  with  large,  positive  cloud  to  ground 
lightning  strokes  [10,12].  Unusually  large  numbers  of 
positive  lightning  strokes  can  often  be  found  in  the  trailing 
regions  of  large  thunderstorm  complexes  such  as  MCCs. 
These  active  Sprite  producing  regions  may  be  hundreds  of 
km^  in  area;  prediction  with  higher  spatial  resolution  is  not 
possible  yet.  Therefore,  a  traditional  rocket-borne  payload, 
with  a  lifetime  of  a  few  minutes,  seems  highly  unlikely  to  be 
in  the  right  place  at  the  right  time  to  capture  one  of  these 
transient  events. 

The  technique  described  here  promises  to  detect  both 
transient  and  ambient  electric  fields  in  the  middle 
atmosphere  over  a  wide  altitude  range.  If  a  meteorological 


rocket  or  high  altitude  airplane  is  used  to  dispense  chaff  over 
a  thunderstorm  complex,  the  electrical  structure  of  the 
middle  atmosphere,  which  connects  the  thunderstorm 
complex  into  the  global  electrical  circuit  [13],  can  then  be 
studied  with  dual  polarimetric-based  radars.  Such  chaff 
clouds  will  have  lifetimes  of  a  half  hour  or  more  and  are 
more  likely  to  be  aloft  during  the  rare  Sprite  or  Jet  events, 
capturing  essential  features  of  related  electric  fields. 

CHAFF-RADAR  INTERRELATIONSHIPS 

Chaff  consist  of  scatterers  that  are  introduced  into  the 
atmosphere  or  propagation  medium  of  interest  for  the 
purpose  of  producing  known  radar  targets  for  a  specified 
objective  or  set  of  objectives.  They  have  been  especially 
useful  in  military  operations  for  radar  decoying  [14],  but  also 
in  atmospheric  research.  The  latter  includes  the  study  of 
middle  atmosphere  dynamics  [15-16],  atmospheric  boundary 
layer  investigations  [17]  and  tracking  of  air  within  clouds 
[18].  The  advent  of  polarimetric-based  radar  observations  in 
meteorology  [19-22]  has  not  only  revolutionized  traditional 
radar  meteorology  but  has  also  been  found  useful  in 
conjunction  with  chaff  releases  to  follow  air  flow  and  its 
mixing  within  clouds  containing  hydrometeor  targets  [18]. 
This  capability  offers  an  effective  means  of  investigating  the 
influence  of  mixing  on  such  cloud  systems  and  the 
possibility  of  improving  targeting  of  weather  modification 
agents  to  specific  regions  of  clouds  [18]. 

Chaff,  dispersed  in  the  atmosphere  during  military 
exercises,  also  interferes  with  radar  meteorological 
operations  [23].  In  this  instance,  chaff  produces  echoes  that 
may  be  wrongly  interpreted  as  weather,  alter  the  operational 
mode  of  weather  radars  and/or  contaminate  archival  records. 
Future  polarimetric-based  capabilities  in  operational  radars 
should  prove  useful  for  identifying  chaff,  thereby  removing 
this  interference  in  the  future. 

This  paper  envisions  another  use  of  chaff,  namely,  to  map 
the  direction  of  atmospheric  electric  fields  associated  with 
thunderstorms  and  other  atmospheric  phenomena.  In  this 
case,  the  natural  well-known  tendency  of  dielectric  and 
conducting  bodies  to  orient  themselves  with  their  longest 
dimensions  parallel  to  the  ambient  electric  field  intensity 
[24]  can  be  used  in  conjunction  with  polarimetric-based 
radars  to  discern  essential  information  on  the  direction  of 
the  ambient  electric  field.  Relevant  observations  in 
monostatic,  bistatic  and  dual  mode  configurations  deserve 
attention.  Discussion  is  limited  to  the  case  of  short  dipoles 
and  a  few  observables,  although  it  is  clear  that  other  features 
may  prove  equally  or  more  useful  for  similar  applications. 

CHARACTERISTICS  OF  NEEDLE  CHAFF 

Chaff  response  is  characterized  by  the  short  electric  dipole 
[25-26],  The  essential  features  are  the  length  and  radius  of 


the  cylinder;  the  chaff  cylinder  is  excited  by  the  projection  of 
the  applied  field  in  the  direction  of  the  cylinder  which  re¬ 
radiates  as  a  short  electric  dipole.  A  spatial  ensemble  of 
equally-sized,  aligned  chaff  particles  will  return  an  average 
power  related  to  the  propagation  direction  and  polarization 
of  the  incident  field,  the  orientation  of  the  chaff  and  the 
scatter  direction  and  polarization  of  the  receiving  system.  In 
addition  to  covariance  or  power-based  observables,  Doppler 
velocity  measurements  should  also  be  useful  for  deducing 
important  behavior  of  the  chaff  embedded  in  a  medium 
which  combines  influences  of  electric  field,  gravitational  and 
fluidic  forces.  Although  the  latter  two  influences  can  be 
important  or  even  dominate  chaff  behavior,  they  are  not 
examined  here,  since  techniques  are  available  for 
minimizing  such  effects. 

The  following  set  of  primary  observations  are  presumed: 
a)  reflectivity  factors  at  horizontal  H  and  vertical  V 
polarizations  Zh  ,  Zy;  b)  differential  reflectivity  Zqr;  c) 
linear  depolarization  ratio  LDR;  d)  phase  difference  between 
co-polar  returns  A^hv  =  Ohh  -  e)  phase  difference 

between  co-  and  cross-polar  returns  <I>ldr  =  ^hh  '  ^VH  J 
and  f)  zero-lag  cross-correlation  coefficient  Phv(O)  between 
Zh  and  Zy  [20-22].  These  parameters  entail  measurements 
in  monostatic,  bistatic  and/or  dual  radar  modes.  They  relate 
to  a  combination  of  H  and  apparent  V  orientations  where  the 
H  polarization  is  aligned  with  the  local  horizontal  and  V  is 
orthogonal  to  H  and  in  the  plane  of  incidence,  defined  by  the 
propagation  vector  and  the  local  zenith.  In  certain  instances, 
it  is  useful  to  rotate  these  respective  linear  polarizations 
(e.g.,  ±  45  °)  or  to  use  circular  polarization  states.  These 
possibilities  are  excluded  from  discussion  here. 

COORDINATE  FRAME  AND  CHAFF  MODEL 

The  concept  may  be  examined  with  reference  to  a  fixed 
(x,y,z)  Cartesian  coordinate  frame  where  the  directions  of 
incidence  and  scatter  are  arbitrary  so  as  to  include  all 
monostatic  and  bistatic  configurations.  Cylindrical  chaff 
are  presumed  to  reside  in  this  system  at  directions  defined  by 
the  spherical  coordinate  angles  0  from  the  zenith  and  (j)  from 
the  x-axis.  All  radar  observable  are  presented  with  reference 
to  this  fixed  frame  and  direction  angles. 

A  simple  model  was  selected  to  determine  polarimetric 
radar's  response  to  chaff,.  It  consists  of  a  cylindrical 
conductor  of  length  5.0  mm  and  radius  0.25  mm.  Such  a 
particle  will  approximate  a  short  dipole  at  10  cm,  the 
preferred  wavelength  for  both  operations  and  research.  The 
apparent  maximum  Zh  that  such  a  radar  would  record  at  a 
density  of  one  particle  m'^  is  29.2  dBZ;  the  Zh  for  an 
ensemble  of  similar  chaff  particles  that  are  uniformly 
distributed  in  all  spatial  directions  is  22.2  dBZ;  and  LDR  of 
this  same  ensemble  is  -4.77  dB.  The  model  results  presented 
below  relate  to  dual -radar  observations  at  incident  directions 
(0l,(t)i)  =  (135°,O°)  and  (135°,  90°). 
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Horizontal  Reflectivity  Factor  (dBZ) 


Differential  Reflectivity  (dB) 


Fig.  1.  Zh  dependence  on  spatial  orientation  of  chaff  at  a 
density  of  one  particle  per  m'^. 

Zh  -  Zdr  measurements 

Figs.  1  and  2.  illustrate  the  Zh  and  Zdr  response  of  a 
monostatic  radar  when  a  short  chaff  cylindrical  particle  is 
aligned  in  the  (0,  (jj)  direction  and  the  incident  wave 
direction  is  [-0.707  0  0.707].  As  expected,  maximum  Zh 
occurs  when  the  chaff  is  horizontal  (0  =  90°)  and  broadside 
to  the  propagation  direction;  the  minimum  response  occurs 
when  the  chaff  is  aligned  in  the  plane  of  incidence  ((j)  =  0°, 
180°).  Zdr  defines  the  relative  response  of  the  co-polar 
returns  Zh  and  Zy  [20].  If  the  chaff  is  constrained  in  some 
fashion,  e.g.,  a  vertical  plane,  this  information  may  be  used 
to  find  its  orientation,  provided  the  particle  is  not  in  or  near 
(due  to  radar  sensitivity)  the  plane  of  incidence.  Since  Zh 
depends  on  both  the  orientation  of  the  particle  relative  to  the 
polarization  of  the  wave  plus  the  number  density  of  particles, 
its  use  is  limited  unless  additional  information  such  as  the 
exact  direction  of  the  particle  is  known.  Another  view  of  the 
scatterers  is  required,  and  this  results  from  either  a  second 
radar  or  bistatic  measurements.  Before  this  configuration  is 
examined,  the  relationship  of  the  direction  of  the  chaff  to  the 
relative  phases  of  the  respective  co-polar  and  cross-polar 
radar  signals  deserves  attention. 

Essentially,  cylindrical  chaff,  aligned  in  the  upper  right- 
half  quadrant  (or  lower  left-half  quadrant)  to  the  plane  of 
incidence  as  seen  from  the  radar  will  return  in-phase  signals 
between  co-polar  and  cross-polar  returns  (relative  to  the 
incident  polarization  directions)  while  chaff  directed  in  the 
lower  right-half  (or  upper  left-half)  quadrant  will  yield  out- 
of-phase  signals.  Thus,  either  of  these  simple  measurements 
resolves  whether  the  particle  is  directed  upwards  or 
downwards  when  considered  relative  to  the  right-half  plane 
to  the  plane  of  incidence.  Combining  this  observation 


Fig.  2.  Zdr  dependence  on  spatial  orientation  of  chaff  at  a 
density  of  one  particle  per  m^. 

with  Zdr  then  determines  a  sector  orientation  as  well  as  the 
surface  in  which  this  orientation  resides.  This  is  clearly 
indicated  in  Fig.  2  which  defines  the  spatial  location  of  Zdr 
contours. 


Horizontal  Reflectivity  Difference:  Monostatic:  Monostatic 


Fig.  3.  Difference  in  Zh  as  measured  by  two  radars 
observing  the  same  scattering  volume  at  orthogonal  viewing 
directions. 

Absent  a  priori  information  on  the  direction  of  the  chaff, 
it  is  not  possible  to  completely  determine  its  direction. 
Observations  at  another  aspect  are  required,  using  either 
bistatic-  or  dual-radar  measurements  at  an  orientation 
substantially  different  from  that  of  the  single  monostatic 
radar  (ideally  90°).  These  measurements  need  not  include 
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the  same  number  of  observations.  For  example,  measurement 
of  Zh  would  reduce  the  possible  directions  to  two  which  are 
then  resolved  by  Oldr-  Conceptually,  dual-radars,  each  with 
(Zh,  Zdr,  LDR,  Oldr)  capabilities,  would  suffice  to  resolve 
all  possibilities.  Fig.  3  shows  the  difference  in  Zh  between 
two  such  radars  with  the  second  incident  at  [0  -.707  0,707]. 
A  similar  result  derives  from  a  bistatic  configuration. 
Examination  of  Fig.  3  in  relation  to  those  in  Figs.  1  and  2 
shows  that  the  combination  is  capable  of  resolving  the 
orientation  of  the  chaff;  in  the  case  where  the  particle  resides 
in  the  plane  of  incidence  of  either  radar,  that  radar  would 
produce  an  infinite  value  of  Zdr  while  the  other  radar’s  Z^r 
would  uniquely  determine  its  orientation  in  that  plane. 


Dependency  of  HV  Cross-Correlation  Coefficiert  on  Angiiar  Spread:  Theta = 45  deg 
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Fig.  4.  Illustration  of  the  dependence  of  Phv(^^)  on  angular 
spread  (A0)  of  a  uniformly  distributed  ensemble  of  chaff 
centered  at  45°  from  the  vertical  in  the  plane  perpendicular 
to  the  radar  propagation  direction. 


DISTRIBUTED  ORIENTATIONS  AND  Phv(O) 


Chaff  is  expected  to  exhibit  fluctuating  directions  about  a 
preferred  orientation,  presumed  to  represent  the  ambient 
electric  field  direction.  The  polarimetric  observables  will 
then  depend  on  both  the  mean  orientation  and  the  spread  of 
directions  about  this  mean.  This  circumstance  is  not  treated 
here.  However,  Phv(O)  is  significantly  dependent  on  the 
distribution  of  chaff  directions  (34,43).  Thus,  Phv(0)»  along 
with  the  other  parameters,  may  be  used  to  determine  the 
orientation  spread  present  in  a  given  measurement  set. 
Consistency  among  parameters  can  then  be  used  to  derive 
the  mean  field  direction.  The  behavior  of  Phv(O)  is 
illustrated  in  Fig.  4  which  is  the  case  where  chaff  resides  in 
a  plane  transverse  to  the  propagation  direction,  points  in  the 
mean  direction  0o  =  45°  from  the  vertical  and  is  uniformly 
distributed  over  ( 0o  -A0/2)  <0  <  (  0o  +  A0/2).  Note  that  p 
Hv(0)  =  1  for  equally  aligned  chaff  and  decreases  with  A0; 


its  value  at  A0  =  180°  is  0.33,  corresponding  to  total 
randomness  in  orientation  within  the  transverse  plane.  Note 
also  that  a  broad  minimum  occurs  at  A0  =  135°.  Phv(O) 
depends  on  both  Oq  and  A0,  but  this  dependence  differs  little 
over  reasonable  ranges  of  %.  Thus,  Phv(^)  should  also  be 
measured,  since  it  provides  a  means  of  estimating  the 
angular  spread,  thereby  guiding  the  interpretation  of  the 
other  radar  observables  in  terms  of  the  ambient  electric  field. 

CONCLUSIONS 

This  paper  has  demonstrated  that  multiparameter  radar 
measurements  of  chaff  have  potential  significance  for 
scientific  investigations  of  atmospheric  electric  fields.  The 
concept  has,  to  a  degree,  been  already  proven  from 
technologies  employed  by  a  number  of  investigators.  Chaff 
of  various  forms  and  shapes  are  available,  chaff  has  been 
deployed  successfully  by  rockets  in  the  middle  atmosphere  at 
the  altitudes  of  interest  for  many  years,  and  a  number  of 
previous  radar  observations  strongly  support  electric  field 
induced  alignment  of  ice  phase  hydrometeors  within 
thunderstorms  [28-29]. 

Much  future  research  and  study  are  required  on  this  topic. 
Ferreting  out  the  details  of  experimental  scenarios  should 
include  selection  of  locations  (Kennedy  Space  Flight  Center, 
Wallops  Island,  Alaska,  Kwajalein,  Tromso,  etc.),  radar 
facilities  (NCAR  S-POLE,  CSU  CHILL,  NASA  SPANDAR, 
etc.),  chaff  design  and  vehicle  (rocket  /aircraft)  selection  for 
chaff  disbursement.  Additional  theoretical  work  and 
simulation  modeling  are  also  needed,  focusing  on  both  the 
physical  phenomena  and  its  relation  to  the  experimental 
approach.  The  behavior  of  chaff  under  the  influence  of 
gravitational,  electrical  and  fluidic  forces  also  deserves 
additional  attention.  For  example,  basic  physics  suggests  that 
chaff  may  oscillate  about  a  mean  direction  determined  by 
whether  gravitational-fluidic  forces  dominate  or  electrical  ♦ 
forces  dominate.  This  is  a  rich  field  for  investigation, 
particularly  since  polarimetric  radar  now  offers  an  effective 
means  of  remotely  sensing  such  behavior.  Furthermore, 
preliminary  investigations  by  the  authors  suggest  that  ligiit 
weight,  low  dielectric  constant  spherical  particles  or  shells, 
impregnated  with  a  conducting  needle  would  present 
uniform  resistance  to  the  atmosphere  while  retaining 
electrical  alignment  properties  that  are  detectable  with  radar. 
Theory  also  predicts  relatively  long  relaxation  times  for  chaff 
needles  to  become  aligned  with  the  oscillation  frequency  and 
relaxation  time  both  dependent  on  electric  field  intensity.  It 
is  likely  that  such  motions  would  be  detectable  with  coherent 
Doppler  techniques.  Thus,  it  appears  that  polarimetric- 
Doppler  radar  measurements  of  chaff  constitute  a  powerful 
means  for  studying  the  entire  vector  electric  field  of  the 
middle  atmosphere  -  a  truly  wondrous  capability  worthy  of 
intense  scientific  investigation. 
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ABSTRACT 

Using  complementary  codes  in  conjunction  with  wide¬ 
band  pulse  compression  waveforms  can  yield  high  reso¬ 
lution  spatial  and  temporal  weather  measurements  with 
low  range  sidelobe  contamination.  For  extended  targets 
such  as  precipitation  systems,  range  sidelobes  mask  and 
corrupt  observations  of  weak  phenomena  occurring  near 
areas  of  strong  echoes.  Therefore,  having  low  range  side- 
lobes  is  extremely  important  in  precisely  determining  the 
echo  scattering  region.  In  this  paper,  we  evaluate  the  per¬ 
formance  of  complementary  phase  codes  in  the  context 
of  time-varying,  distributed  weather  targets.  A  simula¬ 
tion  procedure  has  been  developed  to  describe  the  sig¬ 
nal  returns  from  distributed  targets  using  phase-coded 
pulse  compression  transmit  waveforms  with  complemen¬ 
tary  coding  for  both  single  and  dual  polarization  opera¬ 
tions.  The  evaluation  is  based  on  the  integrated  sidelobe 
level  and  Doppler  sensitivity  after  matched  filter  process¬ 
ing. 

INTRODUCTION 

Pulse  compression  techniques  involve  transmission  of  a 
long  coded  pulse  and  compression  of  the  received  echo 
using  a  matched  filter  to  obtain  a  narrow  pulse.  This 
results  in  an  increased  detection  performance  associated 
with  a  long-pulse  radar  system  while  still  maintaining 
the  fine  range  resolution  of  a  short-pulse  system.  The 
matched  filter  maximizes  the  output  signal-to-noise  ratio 
(SNR).  A  measure  of  the  degree  to  which  the  pulse  is 
compressed  is  given  by  the  compression  ratio  defined  as 

CR=-^TB  (1) 

T 

where  T  =  transmitted  pulse  length,  r  —  XjB  —  com¬ 
pressed  pulse  length,  and  B  is  the  bandwidth  of  the  trans¬ 
mitted  waveform.  A  major  drawback  to  the  application 
of  pulse  compression  for  meteorological  purposes  is  the 
presence  of  range  sidelobes  which  tend  to  smear  the  re¬ 
turns  in  range.  The  following  measures  are  often  used  to 
quantify  the  level  of  range  sidelobes: 


Peak  Sidelobe  Level  (PSL),  defined  as 

_  ^ ,  maximum  sidelobe  power 

PSL  =  10  log - 1 - - . 

peak  response 

Integrated  Sidelobe  Level  (ISL),  defined  as 
total  power  in  sidelobes 


ISL  =  10  log- 


peak  response 


(2) 


(3) 


Complementary  codes  consist  of  two  sequences  of  equal 
length  N  having  the  special  property  that  the  sum  of 
their  autocorrelation  functions  has  a  peak  of  2A  at  lag 
0  and  a  value  of  zero  at  all  other  lags.  Biphase  comple¬ 
mentary  codes  are  available  in  lengths  of  N(2^),  where 
k  is  any  integer  0,  1,  2,  3,  and  N  is  the  kernel  length 
given  by  2,  10,  and  26.  In  addition  to  the  code  lengths 
listed  above,  quadriphase  complementary  codes  can  also 
be  constructed  for  kernel  length  =  3  [1].  While  im¬ 
plementing  complementary  codes,  the  two  sequences  are 
separated  in  time,  frequency  or  polarization.  This  results 
in  decorrelation  of  the  returns  so  that  complete  sidelobe 
cancellation  does  not  occur.  This  poses  a  serious  limi¬ 
tation,  especially  when  the  reflecting  medium  consists  of 
random  fluctuating  weather  targets. 

SIMULATION  DESCRIPTION 

Nearly  all  analyses  of  sidelobe  suppression  schemes,  thus 
far,  have  been  done  on  hard  targets.  The  simulation  pro¬ 
cedure  used  here  differs  from  previous  schemes  in  that 
we  are  modelling  a  fluctuating  weather  target.  This 
method  improves  on  earlier  work  which  assume  that  the 
scatterers  are  frozen  in  space  during  the  pulse  propaga¬ 
tion  time.  Therefore,  this  simulation  procedure  models 
weather  systems  more  accurately,  especially  for  longer 
pulses  at  higher  transmit  frequencies.  The  details  of  the 
simulation  are  skipped  for  brevity.  However,  to  sum¬ 
marize,  the  simulation  procedure  yields  time  records  of 
signals  that  satisfy  the  joint  distribution  properties  in 
range-time  and  sample-time  and  is  an  extension  of  the 
procedure  described  in  [2]. 
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RESULTS 

The  results  shown  in  this  paper  are  based  on  using  the 
following: 

(i)  Input  reflectivity  profile  to  simulation:  100  dB  spike 
at  center  range  bin  compared  to  all  other  ranges. 

(ii)  Modulation  waveform:  12-bit  quadriphase  comple¬ 
mentary  code  pair 


{-f-1,  +1,  —  1,  +1,  +1,  -hi. 

+  “I5  “1)  —Jy  —1} 

(4) 

{+1,  -fi,  —1,  +1,  +i,  -hi,  —1, 

—  1,  -hi,  +1,  +1}. 

(5) 

If  the  transmission  of  the  two  codes  were  staggered 
in  time,  then  the  sidelobe  suppression  performance  de¬ 
grades  by  an  amount  proportional  to  the  Doppler  phase 
shift  that  occurs  during  the  time  interval  between  the  two 
codes.  Fig.  1  plots  the  ISL  as  a  function  of  Doppler  ve¬ 
locity  for  various  time  separations  (TS)  between  the  two 
codes.  Simultaneous  transmission  {TS  =  0)  performs  the 
best  with  ISL  <  -~40  dB  over  Doppler  velocities  in  the 
range  [0,50]  m/s.  However,  with  increasing  time  sepa¬ 
rations,  the  ISL^s  get  progressively  higher.  Therefore,  in 
these  cases,  the  Doppler  phase  shift  that  occurs  over  the 
duration  of  the  time  separation  needs  to  be  accounted 
for  to  achieve  reasonably  low  sidelobe  levels. 

The  following  two  implementation  schemes  for  comple¬ 
mentary  codes  are  evaluated  here: 

1.  Cl  and  C2  transmitted  every  alternate  pulse  at  same 
polarization. 

2.  Simultaneous  transmission  of  the  two  codes  where 
Cl  is  transmitted  at  H  polarization  and  C2  at  V 
polarization  [3]. 

From  Fig.  1,  we  see  that  the  performance  of  scheme 
(1)  is  affected  by  the  decorrelation  in  the  returns  for  the 
two  codes  due  to  target  Doppler  phase  shift.  Therefore, 
we  need  simultaneous  measurements  of  Ci  and  C2  com¬ 
plex  samples  to  account  for  the  Doppler  shift  that  occurs 
during  the  time  separation  Tppjp  between  the  two  codes. 
This  is  accomplished  by  a  rotating-phasor  interpolation 
(magnitude  and  phase  averaged  separately).  The  result¬ 
ing  time  series  has  measurements  for  each  code  separated 
by  Tpj^q;'.  There  is  an  inherent  ambiguity  in  the  interpo¬ 
lation  scheme  which  occurs  when  the  phase-shift  between 
two  consecutive  samples  of  the  original  series  is  greater 
than  diTT  radians.  Fig.  2  shows  the  ISL  vs.  velocity  for 
the  100  dB  fluctuating  spike  target.  Low  ISL  of  about  -40 
dB  are  observed  for  velocities  less  than  half  the  Nyquist 
velocity,  i.e.,  [0,12.5]  m/s,  and  in  the  interval  [37.5,50] 
m/s  where  the  signal  is  doubly  aliased.  However  in  the 
velocity  interval  [12.5,37.5],  due  to  the  ambiguity  in  the 
interpolation  scheme,  the  interpolated  samples  are  off  by 
TT  radians  and  result  in  poor  sidelobe  suppression. 


The  performance  of  scheme  (2)  is  affected  by  two  fac¬ 
tors.  (i)  Cross-coupling  between  the  H  and  V  polar¬ 
ization  signals  due  to  the  radar  system  components  and 
those  due  to  the  reflecting  medium  itself  (i.e.,  the  lin¬ 
ear  depolarization  ratio  LDR)  limits  the  ISL  that  can 
be  achieved.  This  is  due  to  the  fact  that  the  cross-polar 
component  of  the  signal  is  incoherent  with  respect  to  the 
co-polar  matched  filter  coefficients  and  this  appears  as  an 
increase  in  the  noise  level  at  the  filter  output,  (ii)  Decor¬ 
relation  in  the  H  and  V  returns  due  to  the  differential 
phase  shift  (j)DP  and  the  differential  reflectivity  ZpR  pre¬ 
vent  complete  cancellation  of  the  range  sidelobes.  The 
limiting  effects  of  Zrr  and  individually,  on  ISL  can 
be  seen  in  Fig.  3(a)  and  (b)  respectively.  The  curves  for 
^DR  =  0  dB  and  (j)Rp  —  0^  are  equivalent  to  the  curve 
for  TS  =  0  in  Fig.  1.  We  account  for  ZpR  and  by 
scaling  and  shifting  either  the  H  or  V  phasor  with  re¬ 
spect  to  the  other  before  summing  up  the  signals  at  the 
output  of  the  matched  filters.  However,  estimates  of  Zrr 
and  (ppp  are  extremely  noisy  because  they  are  computed 
from  subtraction  of  independent  random  variables  hav¬ 
ing  large  variance  with  little  averaging  performed.  An 
FIR  filter  is  used  to  reduce  these  fluctuations  in  Zrr 
and  (j>DP  before  using  them  to  rotate  and  scale  the  V 
phasor  with  respect  to  the  H.  The  ISL  vs.  Doppler  ve¬ 
locity  plots  are  shown  in  Fig.  4.  The  different  curves 
represent  different  {ZpR  (dB),  (ppp  (degrees))  combina¬ 
tions.  On  an  average,  the  ISL  values  are  about  -25  dB 
(higher  compared  to  -40  dB  for  single  polarization  case). 
This  can  be  attributed  to  poor  Zdr  and  <pp,p  estimates. 
However,  due  to  the  availability  of  simultaneous  sam¬ 
ples  of  Cl  and  C2,  there  is  no  sensitivity  of  the  ISL  on 
Doppler  velocity,  which  makes  the  scheme  usable  over  a 
wide  range  of  velocities.  It  should  be  pointed  out  here 
that  both  schemes  yield  poor  estimates  of  radar  variables, 
especially  in  high  reflectivity  gradients,  and  do  not  per¬ 
form  as  well  as  Barker  phase  coded  waveforms  of  similar 
length  in  conjunction  with  least  squares  inverse  sidelobe 
suppression  filters  which  yield  ISLs  in  the  range  -35  to 
-50  dB  over  [0,50]  m/s[4]. 
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Figure  1:  ISL  vs.  Doppler  velocity  for  different  time 
separations  between  the  two  codes. 


Figure  2:  ISL  vs.  Doppler  velocity  for  time-varying  spike 
target  using  single  polarization  where  Ci  and  C2  are 
transmitted  every  alternate  pulse. 


(a) 


(b) 


Figure  3:  ISL  vs.  Doppler  velocity  when  varying  (a)  Z^r 
values;  (b)  <j)DP  values. 


Figure  4:  ISL  vs.  Doppler  velocity  for  time-varying  spike 
target  using  simultaneously  transmitted,  dual  polariza¬ 
tion  with  complementary  coding. 
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Abstract  —  Knowledge  of  the  distribution  and  structure  of 
forests  can  lead  to  improved  estimates  of  the  carbon  balance 
in  terms  of  above  ground  storage  and  exchange  with  the 
atmosphere  from  maintenance  respiration.  As  part  of  the 
Boreal  Ecosystem  Atmosphere  Study  (BOREAS)  a  study  is 
being  made  of  the  use  of  remote  sensing  data  for  estimating 
land  cover  and  biophysical  characteristics  of  boreal  forest 
study  sites  in  Canada.  Earlier  work  by  the  authors  and  others 
have  developed  maps  of  forest  cover  and  above  ground 
biomass.  The  biomass  maps  are  produced  using  a  regression 
equation  developed  from  forest  measurements  and  radar 
backscatter  data.  Other  researchers  have  made  a  case  for 
stratifying  forest  cover  and  constructing  separate  biomass 
relationships  for  each  strata. 

In  this  paper  we  examine  the  use  of  forest  classification  maps 
derived  from  SIR-C/XSAR  images  to  improve  estimates  of 
total  biomass.  The  classification  procedure  used  a  supervised 
Bayesian  Classifier  to  map  the  forest  area  into  sevei^  forest 
and  non-forest  classes.  Forest  classes  were  combined  into 
Dry  Conifer,  Wet  Conifer  and  Deciduous.  Regression 
equations  of  dry  biomass  and  radar  backscatter  were 
developed  for  each  forest  type  and  applied  to  the  radar  data. 
A  stepwise  technique  was  used  to  determine  the  best  set  or 
combinations  of  radar  channels  for  mapping  biomass. 

The  best  channels  for  biomass  estimation  was  determined  to 
be  LHV  and  CHV  for  conifers  and  a  combination  of  LHH, 
LHV  and  CHV  worked  best  for  the  limited  deciduous  data 
available.  Analysis  of  the  results  indicates  that  forest  type 
should  be  considered  when  mtqtping  biomass  in  this  type  of 
forest.  However,  the  results  from  a  more  general  equation 
were  adequate. 

INTRODUCTION 

Estimating  biomass  of  forests  with  synthetic  aperture  radar 
(SAR)  has  received  much  attention  over  the  past  5  years. 
Several  studies  have  reported  good  results  using  one  or  more 
SAR  channels  to  map  biomass  below  25  kg/m^.  Kasischke  et 
al  [1]  and  LeToan  et  al  [2]  used  different  techniques  to 
estimate  biomass  in  pine  plantation  forests  in  the  US  and 
France,  respectively.  Dobson  et  al.  [3]  used  forest  structure 
for  a  biomass  estimation  approach  for  northern  US  forest. 
Ranson  et  al.  [4]  and  Ranson  and  Sun  [5]  used  a  general 
relationship  to  estimate  biomass  in  the  northern  US  and 
Canada.  In  this  paper  we  examine  the  effect  of  forest  canopy 
structure  on  SAR  biomass  estimation  in  a  portion  of  the 


Boreal  Ecosystems  Atmosphere  Study  (BOREAS)  study  area 
in  Canada  using  multichannel  SIR-C/XSAR  image  data. 

SIR-C/XSAR 

The  SIR-C/X-SAR  spaceborne  imaging  radar  missions 
were  successfully  conducted  during  April  9-19,  1994  and 
September  30-October  10,  1994.  The  instrument  was  a 
multichannel  system  with  L-band  (h=23  cm),  C-band  (^5.7 
cm)  with  quad-polarization  (HH,HV,VV,VH)  and  X-band 
(X;=3  cm)  with  VV  polarization.  These  channels  cover  the 
current  configurations  of  orbiting  radars  such  as  L-band  HH 
polarized  JERS-1,  C-band  VV-polarized  ERS-1,  and  C-band 
HH-polarized  RADARSAT  systems.  The  mission  was  a 
cooperative  experiment  between  NASA,  the  German  Space 
Agency,  and  the  Italian  Space  Agency.  SIR-C/X-SAR  was 
launched  on  space  shuttle  Endeavour  and  acquired  multiple 
data  takes  covering  over  6%  of  the  Earth's  surface  including  a 
variety  of  land,  ocean  and  polar  ice  targets.  The  SIR-C/X¬ 
SAR  design  includes  bandwidths  of  10,  20,  and  40  MHz. 
The  SIR-C/XSAR  images  used  in  this  study  were  acquired 
with  a  bandwidth  of  20MHz  and  processed  with  twelve  looks. 
The  images  were  acquired  on  April  13  and  October  6,  1994 
with  incidence  angles  of  33‘  and  53‘,  respectively. 

BOREAS 

The  BOREAS  project  [6]  is  designed  to  acquire  necessary 
data  to  understand  the  interactions  of  land  and  the  atmosphere 
and  the  relationships  to  global  climate  change.  Scientists  are 
working  to  interface  models  of  climate  and  land  processes  to 
provide  tools  for  understanding  the  mechanisms  and 
consequences  of  this  change. 

The  BOREAS  Southern  Study  Area  (SSA)  covers  an  area 
about  130  km  in  the  east-west  direction  and  90  km  from  north 
to  south  (see  Figure  1).  The  southern  boundary  is  located 
approximately  40  km  north  of  the  town  of  Prince  Albert, 
Saskatchewan,  Canada.  The  SSA  topography  is  gentle,  with 
local  elevations  ranging  from  550m  to  730m.  The  western 
part  of  SSA  is  in  the  Prince  Albert  National  Park  (PANP)  and 
the  eastern  region  falls  within  and  around  the  Narrow  Hills 
Provincial  Forest.  The  SSA  is  near  the  southern  limit  of  the 
boreal  forest  and  the  transition  to  natural  prairie  grassland  and 
agricultural  lands  occurs  15  km  to  the  southeast. 

The  image  data  discussed  in  this  paper  is  located  in  the 
eastern  portion  of  the  SSA  (  53”  53'  N,  104  45'”  W)  and 
covers  portions  of  an  intensive  BOREAS  modeling  study  area 


*Trade  names  are  used  for  information  only  and  do  not  imply  endorsement  by  the  US  Government. 
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(Figure  1).  The  vegetation  in  this  area  is  classified  as  mixed 
boreal  forest.  On  well  drained  and  or  sandy  soil  the 
predominant  species  is  jack  pine  (Pinus  banksiana).  Poorly 
drained  sites  support  black  spruce  {Picea  mariana).  Mixed 
stands  of  aspen  (Populus  tremuloides,)  balsam  poplar 
(Populus  balsamfera)  and  white  spruce  (Picea  glauca)  are 
found  on  well  drained  glacial  deposits.  Localized  logging  for 
paper  pulp  and  fence  posts  is  common  within  the  area.  The 
fen  areas  are  composed  mostly  of  sedge  (Carex  spp) 
vegetation  with  discontinuous  cover  of  tamarack  (Larix 
spp.)0T  swamp  birch  (Betula  pumita).  The  north-east  portion 
of  the  study  area  experienced  a  wild  fire  in  the  late  1970's. 


METHODS 

Forest  Classification 

Commercially  available,  PCI*  imaging  processing 
software  was  used  for  image  classification.  A  supervised 
maximum  likelihood  classifier  data  was  used.  Training  set 
locations  were  identified  on  the  images  for  eleven  classes 
shown  in  Table  1.  GPS  derived  site  coordinates  were  used  to 
aid  in  site  location.  All  channels  from  combining  the  April 
and  October  SIR-C/XSAR  images  were  used.  Radar 
backscatter  signatures  were  determined  from  the  images  for 
each  training  set.  For  all  classes  except  black  spruce  single 
large  training  sets  were  used.  For  black  spruce  multiple 
training  sets  were  combined  to  get  representative  signatures. 
The  signatures  were  then  used  as  inputs  for  the  Maximum 
Likelihood  Classifier  (MLC)  to  produce  a  classified  map. 
Classification  performance  was  determined  by  analyzing 
classified  training  sets  and  also  comparing  classification 
results  to  56  test  sites  located  throughout  the  study  area. 

For  the  purpose  of  this  study  a  more  general 
classification  map  was  needed.  The  detailed  classes  on  the 


left  side  of  Table  1  were  combined  to  produce  a  fom  class 
map  which  was  used  to  stratify  forest  type  for  biomass 
estimation  (Table  1,  right  side). 


Table  1.  Forest  classification  set.  Detailed  list  was  combined 


Original  Class 

Combined  Class 

Regeneration 

Dry  Conifer 

Young  Jack  Pine 

Jack  Pine 

White  Spruce 

Black  Spruce 

Wet  Conifer 

Treed  Muskeg 

Young  Aspen 

Deciduous 

Aspen 

Clearing 

Other 

Fen 

Water 

Biomass  Estimation 

Forest  measurements  including  species  and  diameter 
breast  height  were  made  for  over  60  forest  stands  throughout 
the  study  area.  Stands  selected  were,  as  much  as  possible, 
uniform  in  stand  structure  (species,  age,  density)  and  large 
enough  to  locate  accurately  and  extract  at  least  a  3X3  window 
of  image  pixels.  The  forest  stands  were  stratified  into  the 
three  classes  Dry  Conifer,  Wet  Conifer  and  Deciduous  on  the 
basis  of  dominant  recorded  species.  Above  ground  total  dry 
biomass  was  calculated  using  the  species  and  DBH  data  with 
published  weight  tables  for  Canadian  Prairie  Provinces  [7]. 
No  attempt  was  made  to  examine,  bole,  branch  or  foliage 
biomass  separately  here. 

A  stepwise  regression  routine  available  in  Splus  [8]  was 
used  to  determine  a  best  set  of  SAR  channels  from  LHH, 
LHV,  LW,  CHH,  CHV,  CVV  and  XVV  backscatter  (o'). 
This  was  done  for  data  for  each  of  the  three  forest  types 
separately.  In  addition,  similar  analysis  was  performed  using 
all  of  the  data.  The  best  fit  equations  were: 

Dry  conifer: 

b1/3  =  2.472  +  0.247  a'LHV  -  0.210  o'CHV,  r^  =  0.71  (1) 
Wet  Conifer: 

b1/3  =  2.650  +  0.160  a'LHV  -  0.1192  a*CHV,  r2  =  0.63  (2) 
Deciduous: 

b1/3  =  2.087  -  0.231  o'LHH  +  0.280  o'LHV 

-  0.383  o*CHV,r2  =  0.66  (3) 

All  Data  Combined: 

b1/3  =  2.678  +  0.227  o*LHV  -  0.2343  c’CHV 

-  0.0836  a’CVV,  r2  =  0.70  (4) 

Each  of  the  equations  for  forest  type  are  different  from 
each  other  and  Eq.  4,  either  in  the  bands  selected  or  in  the 
magnitude  of  the  coefficients.  This  indicates  that  biomass 
estimation  is  dependent  on  forest  type  as  discussed  by 
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Dobson  et  al  [3].  Note  that  each  of  these  equations  contains 
L-  and  C-band  cross-polarized  channels.  In  fact  Eqs.  1  and  2 
for  Dry  and  Wet  conifer  show  similar  coefflcients  for  LHV 
and  suggesting  a  relationship  similar  to  that  reported  by 
Ranson  et  al.  [4]. 


RESULTS 


Classification  results  are  shown  for  this  four-class  map  as 
pooled  training  set  results(Table  2a)  and  test  plot  results 
(Table  2b).  Training  set  classification  accuracy  was  very 
good  for  all  forest  classes.  For  the  field  plot  data  Ehy  Conifer 
and  Deciduous  showed  excellent  classification  accuracy. 
Wet  conifa  was  confused  with  Deciduous  40%  of  the  time. . 
The  percent  of  the  area  classified  as  Deciduous  was  21%,  Dry 
Conifer  (24%)  and  Wet  Conifer(21%).  The  non-forested 
classes  accounted  to  35%  of  the  imaged  area 


Deciduous 

Dry 

Conifer 

Wet 

Conifer 

Other 

Deciduous 

86.2 

12.3 

1.4 

0.1 

Conifer 

4.7 

88.5 

0.7 

6.1 

Wet 

Conifer 

0.3 

0.7 

99.0 

0.0 

Other 

0.1 

0.3 

0.1 

99.5 

Table  2b.  Sample  plot  classification  accui^v(%). 


Deciduous 

Dry 

ConifCT 

Wet 

Conito 

Other 

Deciduous 

91.7 

0.0 

0.0 

8.3 

Dry 

Conifer 

0.0 

78.3 

8.7 

13.0 

Wet 

Conifer 

40.0 

6.7 

40.0 

13.3 

Other 

40.0 

0.0 

0.0 

60.0 

Comparing  SAR  biomass  with  field  biomass  for  the  three 
forest  types  produced  the  relationships  shown  as  Eqs.  5-7. 
The  comparison  is  also  provided  for  pooling  all  the  data  in 
Eq.(7). 

Dry  conifer 

SAR  biomass  =  2.077  +  0.700  Field  biomass,  (5) 
r2  =  0.64  RMSE=2.9  kg/m2 

Wet  Conifer 

SAR  biomass  =  0.9 1 1  +  0.73 1  Field  biomass,  (6) 
r2  =  0.65  RMSE=3.2  kg/m2 

Deciduous: 

SAR  biomass  =  3.15  +  0.696  Field  birxnass,  (8) 

r2  =  0.56,  RMSE=5.06  kg/m2- 

All  data: 

SAR  biomass  =  2.691  +  0.643  Field  biomass,  (7) 

r2  =  0.65,  RMSE=2.2  kg/m2 


The  root  mean  square  error  (RMSE)  results  show  that 
biomass  may  be  estimated  to  within  about  ±2-3  kg/m2  using 
forest  type  specific  relationships  for  Dry  and  Wet  Conifer.. 
The  RMSE  for  the  Deciduous  estimator  equation  was  over  5 
kg^i2  which  may  be  due  to  the  small  number  of  deciduous 
stands  in  our  sample.  The  slopes  of  all  the  Equations  5-8  are 
less  than  unity  indicating  that  biomass  estimates  may  be 
underestimated.  Restricting  the  analysis  to  biomass  levels 
less  than  15  kg/m2  tended  to  reduce  the  observed  bias. 
Using  the  general  relationship  (Eq.  4)  resulted  in  only  slightly 
more  error  than  using  individu^  forest  type  relationships. 

SUMMARY 

A  portion  of  the  BOREAS  SSA  was  mapped  into  forest 
classes  and  biomass  estimation  equations  derived  for  each 
forest  class.  SIR-C/XSAR  data  was  able  to  produce  a 
reasonable  forest  type  map.  The  good  classification  results 
are  among  growing  evidence  that  the  mutlichannel  SAR  data 
is  very  useful  for  forest  classification.  The  confusion  of  Wet 
conifer  with  Deciduous  and  Dry  Conito  (Table  2b)  based  on 
the  field  plot  data  needs  further  study  and  will  be  addressed 
during  field  work  in  1996.  The  results  show  there  is  species 
effect  for  biomass  estimates,  but  the  more  general  equation 
performed  only  slightly  worse.  The  next  step  in  the  process 
is  to  generate  a  combined  biomass  image  to  use  for 
initializing  and  testing  ecosystem  models  for  BOREAS. 
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ABSTRACT 

A  key  large-scale  question  in  ecology  is  the  amount 
of  carton  stored  in  terrestrial  vegetation.  The  need  to  determine 
this  over  large  regions  is  most  efficiently  met  by  remote  sens¬ 
ing  programs  and  is  currently  being  tested  using  SIR-C/X-S  AR 
imagery  at  the  NASA  Michigan  Forests  supCTsite.  There  are 
three  goals  in  the  present  study.  The  first  is  to  estimate  carton 
stored  in  living  vegetation  at  the  site.  The  second  is  to  measure 
changes  in  carton  balance  related  to  for^t  disturbance 
(clearcutting  and  thinning).  The  third  is  to  determine  carton 
gain  from  annual  growth  (NPP). 

Biomass  has  been  mapped  in  the  image  domain,  and  by  ap¬ 
plying  an  allometric  relationship, results  show  that  12.82  x  10^ 
kg  of  carton  are  stored  in  the  portion  of  the  test  site  represented 
in  the  imagery.  Clearcuts  which  were  made  between  SRL- 1  and 
SRL-2  have  been  extracted  from  the  classified  imagery  and  this 
analysis  shows  an  estimated  300  ha  of  forest  or  6.02  x  10^  kg 
of  carton  were  removed.  Ground  data  have  been  analyzed  for 
annual  growth;  SIR-C/X-SAR  images  are  currently  being  pro¬ 
cessed  to  demonstrate  the  sensor’s  sensitivity  to  this  parameter. 

1.  INTRODUCTION 

The  terrestrial  component  of  the  carton  cycle  has  been  and  con¬ 
tinues  to  be  extensively  studied  at  the  level  of  internal  organism 
and  local  ecosystem  processes.  Of  more  recent  emphasis  is  the 
regional  to  global  sc^e  modeling  of  these  processes  due  to  the 
centrality  of  CO"^  to  the  issues  of  global  warming.  The  current 
best  estimate  is  that  1  x  10^®  to  2  x  10^®  g  of  carton  per  year  en¬ 
tering  the  atmosphere  is  from  t^restrial  ecosystems  equalling 
^proximately  20%  to  40%  of  fossil  fuel  input  [1].  Harvest¬ 
ing  of  tropical  forest  biomass  (especially  burning)  is  the  largest 
component  of  the  carton  flux  into  the  atmosphere  from  terres¬ 
trial  ecosystems.  Boreal  and  north-temperate  forest  ecosystems, 
such  as  those  found  at  the  Michigan  Forests  site,  are  also  po¬ 
tential  carton  sources,  as  they  contain  a  smaller,  but  significant 
amount  of  the  worlds  vegetative  biomass. 

With  this  interest  in  measuring  and  modeling  carton 
flux  comes  the  need  to  acquire  information  over  large  areas  and 
this  is  being  met  by  remote  sensing  programs  such  as  that  of 


the  SlR-C/X-S  AR  instrument  recently  carried  aboard  the  shut¬ 
tle  Endeavor.  This  microwave  sensor  is  expected  to  perform 
well  in  the  estimation  of  biophysical  parameters  related  to  car¬ 
ton  dynamics,  and  this  objective  is  currently  being  tested  using 
imagery  for  the  NASA  Michigan  Forests  Supersite  in  norths 
Michigan.  Recently,  success  in  deriving  biophysical  parame¬ 
ters,  including  biomass,  from  SIR-C/X-SAR  imagery  has  been 
demonstrated  through  analysis  of  image  data  from  the  site  [4]. 
The  present  project  builds  on  on  this  to  study  carton  dynamics. 

2.  GOALS 

We  explore  the  use  of  SIR-C/X-SAR  imagery  to  directly  esti¬ 
mate  carton  flux  associated  with  living  woody  vegetation.  Pre¬ 
vious  publications  have  discussed  S  AR’s  particular  c^abilities 
and  advantages  as  a  remote  sensor  in  such  efforts  [4][7].  There 
are  three  goals  in  the  present  project.  The  first  is  to  estimate 
carton  stored  in  living  vegetation  at  the  test  site.  The  second  is 
to  demonstrate  applicability  of  the  SIR-C/X-SAR  dual  mission 
to  measuring  changes  in  carton  balance  having  to  do  with  for¬ 
est  disturbance,  in  particular,  complete  (clearcutting)  and  par¬ 
tial  (thinning)  harvesting,  practices  common  in  most  private  and 
public  managed  forests  in  North  Ammca.  The  third  is  to  detCT- 
mine  above-ground  net  primary  production  [ANPP]  from  an¬ 
nual  growth  as  the  dual  mission  incorporated  one  annual  grow¬ 
ing  season. 

3.  METHODOLOGY 
3.1.  Site  and  Ground  Data 

The  Michigan  Forests  test  site,  centered  on  46.390®  N.  Latitude 
and  84.880®  W.  Longitude,  is  located  in  the  Hiawatha  National 
Forest  in  the  eastern  part  of  Michigan’s  Upper  Peninsula.  The 
greater  study  area  encompassing  the  entire  ascending  and  de¬ 
scending  SIR-C/X-SAR  swaths  is  jqyproximately  60  km  E-W 
and  50  km  N-S. 

The  site  is  situated  on  the  ecotone  between  the 
north-temperate  and  boreal  forest  biomes  and  thus  contains  com¬ 
munities  common  to  both.  A  complexity  of  physiographic  re¬ 
gions  and  a  moisture/productivity  gradient  ranging  from  xeric. 
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low  productivity,  to  mesic,  relatively  high  productivity,  plus 
wetlands,  also  contributes  to  the  diversity  of  forest  communi¬ 
ties  and  to  stands  of  varying  ages  and  densities.  This  combina¬ 
tion  of  significmit  community  divo^ity  and  numerous  stands  of 
large  geographical  extent  has  made  it  possible  to  select  a  large 
number  of  long  term  test  stands  of  sufficient  size.  Seventy  four- 
hectare  (200m  X  200m)  plots  were  established  and  measured 
at  the  sup^ite  beginning  in  1991.  Communities  present  are 
listed  in  Table  1  as  classification  categories.  Stand  selection 
proceeded  by  further  stratifying  by  age  group  where  ^plica- 
ble  to  meet  a  distribution  of  seedling,  sapling,  pole,  and  mature 
stands. 

Detailed  measurements  were  made  in  each  stand  to  quantify 
composition,  structure,  and  biomass.  Biomass  for  the  stands 
was  estimated  using  field  measurements  combined  with  allo- 
metric  biomass  equations  developed  on  trees  in  the  lake 
states  [6].  This  data  has  been  analyzed  to  have  error  rates  of 
15%  or  bettCT.  Total  above-ground  biomass  for  the  70  stands 
ranges  from  <  2.5kg/m^  for  clear-cut  seedling  stands  to 
27.3kg/m^  for  a  mature  northern  hardwoods  stand.  The  70 
stands  were  measured  over  the  course  of  1-3  years  prior  to  the 
1994  SIR-C  overflights. 

In  addition  to  these  base  measurements,  a  number  of  the 
stands  were  remeasured  after  the  1994  growing  season  had  ter¬ 
minated.  These  re-measurements  form  a  database  of 
stands  biomass/carbon  accrual  over  either  one,  two,  or 
three  growing  seasons.  In  young  ecosystems  the  rate  of  primary 
production  (PP)  or  total  gross  photosynthesis  (P)  exceeds  the 
rate  of  community  respiration  (R)  so  that  P/R  is  >  1.0.  P/R  ap¬ 
proaches  1  as  succession  occurs  where  the  energy  fixed  tends  to 
be  balanced  by  the  energy  cost  of  maintenance.  This  means  that 
net  community  production  in  an  annual  cycle  is  large  in  young, 
smaller  in  maturing,  and  tending  toward  a  zero  carbon  balance 
at  maturity.  For  these  reasons,  younger  aged  stands  will  be  em¬ 
phasized  in  investigating  SAR  sensitivity  to  annual  growth. 

Table  2  lists  the  stands  for  which  average  annual  biomass  ac¬ 
crual  has  been  determined.  It  can  be  seen  that  these  young 
stands  are  generally  rapidly  adding  biomass.  Some  variation 
is  present;  low  values  are  attributable  to  known,  very  low  site 
quality.  In  addition  to  measures  of  annual  growth,  the  test  re¬ 
gion  has  undergone  events  of  disturbance.  Clearcutting  activ¬ 
ity  has  been  documented  from  po^nal  observation  and  Forest 
Service  records. 

3.2.  Image  Processing 

In  order  to  meet  each  of  the  three  goals,  SIR-C/X-SAR  imagery 
must  be  classified.  To  date  three  scenes  have  been  classified: 
SRL-1  22.2  (April  10),  SRL-2  22-2  (OctobCT  1),  SRL-1 102.41 
(April  15).  These  three  scenes  have  been  classified  to  levels  I, 
II,  and  III  (see  Table  1)  [2].  A  Level  I  multi-temporal  classi¬ 
fication  achieved  a  mean  accuracy  of  99%,  and  level  II 94%. 
At  level  III,  or  species/species  group  level,  accuracy  is  70% ’s- 
90% ’s;  this  is  an  area  of  ongoing  work. 


Table  1:  Classification  Categories 


Level  I 

Level  II 

Level  III 

surface 

short  veg 

tall  veg 

upland 

conifer 

red  pine 

jack  pine 

lowland 

conifer 

northern 

white-cedar 

black  spruce 

deciduous 

northern 

hardwoods 

aspen 

To  meet  the  first  goal  of  determining  carbon  storage  at  the 
site,  biomass  must  first  be  estimated.  To  date,  the  SRL-1 102.41 
April  15, 1994  data  has  been  used  to  derive  empirical  estima¬ 
tions  of  biomass.  Height,  basal  area  (BA),  trunk  biomass,  crown 
biomass,  and  total  above-ground  biomass  has  been  empirically 
determined  for  each  structural  class  in  the  classified  image.  The 
rms  error  for  total  above-ground  biomass  (0-25)  kg/m^  was  1.4 
kg/m^.  Application  of  the  same  procedure  for  estimation  of 
biomass  for  the  remaining  three  images  is  currently  being  car¬ 
ried  out. 


4.  RESULTS 

Given  the  biomass  images,  it  is  possible  to  estimate  the  amount 
of  carbon  held  in  the  imaged  portion  of  the  test  site  in  above¬ 
ground  living  vegetation.  This  is  done  to  a  first  q)proximation 
by  ^plying  a  widely  used  allometric  rule  that  biomass  is  ap¬ 
proximately  47%  carbon.  Application  of  this  shows  that  the 
imaged  region  contains  5.98  x  10®  kg  biomass  or  2.82  x  10® 
kg  carbon.  Further  work  will  be  done  to  determine  the  amount 
in  each  community  and  to  refine  the  estimate  based  on  herba¬ 
ceous,  foliar,  and  woody  component.  Below-ground  biomass 
and  carbon  storage  will  be  estimated  based  on  community  and 
age  group. 

Because  level  I  classified  results  are  accurate  to  99%  in  terms 
of  the  presence  of  trees  vs.  short  vegetation  or  surfaces,  clearcut¬ 
ting  activity  can  be  located  and  measured.  To  do  this  several 
steps  were  taken.  First,  April  level  I  classified  imagery  was  fur¬ 
ther  post-processed  to  sieve  out  any  small  clusters  of  pixels  er¬ 
roneously  classified  as  trees.  The  same  was  done  for  short  vege¬ 
tation  errors  in  the  October  imagery.  This  was  done  to  assure  lo¬ 
cation  of  only  major  clearcuts  which  would  have  been  tall  veg¬ 
etation  (trees)  in  April  and  short  vegetation  (clear-cut)  in  Octo¬ 
ber.  After  this  was  done,  the  two  images  were  differenced.  The 
results  showed  a  number  of  obvious  and  known  clearcuts.  Re¬ 
sults  also  produced  a  number  of  much  smaller  isolated  groups 
of  pixels  which  were  known  to  be  slight  errors  (generally  edge 
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Table  2:  Growth  of  Young  Forest  Test  Stands 


Stand 

Community 

Time  1 

Biomass 

(kg/ha) 

Time  2 

Biomass 

(kg/ha) 

Tout 

Accrual 

(kg/ha) 

Avg  Annual 

Accrual 

(kg/ha/yr) 

Annual  Per* 
cent  Accrual 

78 

red  pine 

158 

217 

1 

60 

60 

66 

jack  pine 

1319 

1702 

1 

383 

383 

40 

red  pine 

3155 

7090 

2 

3935 

1968 

49.9 

37 

jack  pine 

3381 

4044 

2 

663 

332 

9.4 

45 

aspen 

7925 

13751 

2 

5826 

31.7 

38 

jack  pine 

-8473 

13177 

2 

“?704 

2352 

“tTT 

00 

jack  pine 

“8712 

13828 

1 

5116 

5116 

58.7 

36 

jack  pine 

1007 1 

14732 

3 

4661 

133? 

T33 

49 

aspen 

12291 

18652 

2 

6361 

3180 

“23:2 

41 

ted  pine 

16138 

20962 

2 

4824 

2412 

14.0 

82 

red  pine 

19581 

20292 

1 

711 

711 

3.6 

81 

jack  pine 

28961 

35889 

1 

6928 

23.9 

51 

red  pine 

37097 

59349 

2 

22252 

11126 

26.5 

33 

aspen 

41532 

63635 

3 

22103 

15.3 

22 

red  pine 

46168 

57950 

3 

11782 

1  3927  1 

7.9 

Table  3:  Biomass  and  Carbon  Storage  &  Removal 


Storage 

(April 

1994) 

Removed 

(April 

Oct.  1994) 

Biomass 

(kg) 

5.98  X  10® 

12.82x10® 

Carbon 

(kg) 

2.82  X  10® 

6.022  X  10« 

Area 

(ha) 

53,057 

300 

pixels)  in  the  original  classification.  These  were  sieved  from 
the  imagery. 

The  outputclearcut  areas  are  then  co-located  with  the  biomass 
images  to  determine  the  amount  of  biomass  removed.  This  pro¬ 
cess  has  shown  that  tq>proximately  300  ha  of  forest  was  removed 
during  the  pCTiod  between  April  10,  and  October  1, 1994.  Most 
of  this  occurred  in  the  Raco  Plains  area,  an  area  of  highly  xeric 
sandy  outwash  supporting  primarily  jack  pine,  but  also  red  pine, 
plantations.  Due  to  jack  pine  budworm  infestation,  there  is  an 
active  salvage  clear-cutting  program.  From  the  biomass 
imagery  it  was  determined  that  this  amounts  to  12.82  x  10^  kg 
of  biomass  removed.  Applying  the  allometric  relationship,  ^- 
proximately  6.022  x  10®  kg  of  carbon  was  removed.  These  re¬ 
sults  are  collected  in  Table  3. 

When  the  second  sc^e  is  analyzed  for  biomass,  the  amount 
of  annual  growth  in  the  test  stands  listed  in  Table  2  will  be  deter¬ 
mined.  It  is  expected  that  an  outcome  image  of  carbon  flux  will 
show  a  large  negative  carbon  flux  in  clear-cut  (as  demonstrated 
above)  and  heavily  thinned  areas,  slight  increase  in  younger  test 
stands  and  other  younger  communities  in  the  area,  and  little  to 
no  flux  in  maturing  or  mature  communities. 
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Abstract  -  The  feasibility  of  the  ERS-1  Wind  Scatterometer 
(WS)  for  land  applications  in  boreal  forest  zone  was  analyzed 
using  data  (1)  from  test  areas  located  in  Finland  and  (2)  covering 
the  European  boreal  forest  zone.  The  results  show  that  the 
ERS-1  Wind  Scatterometer  has  potential  for  some  applications: 
the  monitoring  of  soil  frost  and  the  retrieval  of  soil  moistu¬ 
re/vegetation  water  content.  The  major  problem  in  the  emp¬ 
loyment  of  the  ERS-1  scatterometer  for  land  applications  is  its 
poor  spatial  resolution  (47  km).  This  paper  will  also  address 
the  problem  of  improving  the  spatial  resolution  of  the  ERS-1 
scatterometer  data.  It  is  shown  that  a  realistic  figure  for  the 
improved  resolution  is  25  km. 

INTRODUCTION 

The  C-band  backscattering  properties  of  boreal  forests  have 
been  found  to  change  drastically  depending  on  weather  and 
season.  During  summer,  the  backscattering  properties  are 
dependent  on  the  vegetation  and  soil  moisture.  During  winter, 
soil  freezing  iind  snow  cover  cause  changes  in  cf .  The  esti¬ 
mation  and  monitoring  of  environmental  chcU*acteristics  is 
possible  if  the  backscattering  properties  c^in  be  described  by  Jin 
appropriate  model. 

The  ERS-1  Wind  Scatterometer  measures  the  target  with  a 
spatial  resolution  of  47  km  employing  three  separate  antenna 
beams.  Each  resolution  cell  is  measured  at  two  angles  of 
incidence  (two  of  the  beams  have  the  same  angle  of  incidence). 
In  this  paper,  the  multi-angular  WS  data  is  used  for  the 
estimation  of  the  soil  moisture  and  for  detecting  the  soil  frost. 
This  is  carried  out  by  employing  a  previously  developed 
semi -empirical  forest  backscattering  model  in  the  inversion  [  1  ] . 

STUDY  SITES  AND  MATERIAL 

The  study  material  includes  ERS-1  Wind  Scatterometer  data 
and  reference  information  interpolated  into  a  fixed  25  km  by 
25  km  grid  for  two  test  areas  in  Finland  (both  sized  500  km  by 
500km).  Thereference  data  include  (1)  land  use  characteristics, 
(2)  daily  air  temperature  and  precipitation  information,  (3)  daily 
hydrological  model-based  soil  moisture  values  for  some 
sub-areas  and  (4)  soil  frost/snow  cover  information.  The 
additional  reference  information  for  the  European  boreal  forest 
zone  includes  NO  AA  AVHRR-based  forest  biomass  estimates. 
The  average  relative  forest  cover  in  land  areas  of  the  Finnish 
test  areas  is  77  %.  However,  mixed  pixels  with  inland  lakes  and 
agricultural  areas  are  usual.  The  grid  cell-wise  reference  data 
includes  the  distributions  of  different  land  use  categories,  forest 
biomass  and  soil  types.  The  forests  are  relatively  sparse  md  the 
dominant  tree  species  are  Scots  pine  and  Norway  spruce. 
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The  main  reference  data  employed  are  the  hydrological 
model-based  soil  moisture  estimates,  precipitation  information 
and  in  situ  soil  frost  measurements.  The  soil  frost  information 
includes  the  depth  of  frost  measured  separately  for  open  areas 
and  forests.  These  data  were  available  for  19  ground  stations 
(three  values  per  month). 

RETRIEVAL  OF  SOIL  FROST/MOISTURE 

Inversion  method 

The  inversion  method  is  based  on  the  idea  of  searching  the 
maximum  likelihood  inverse  solution  for  the  semi-empirical 
forest  backscattering  model  [1].  The  inversion  algorithm 
employs  the  three-beam  WS  data,  and  it  requires  the  land-use 
and  forest  cover  information  as  a  priori  data.  The  inverse 
problem  is  to  find  the  solution  which  maximises  the  following 
conditional  probability: 

=  (1) 
fi,  ■  exp(-  i  •  [(1  -/J  • 

+  /X(e,)]  -  <}') 

where 

(f  =  ((a^)j,  (0^)2,  (cf  js),  vector  containing  grid  cell-wise  in¬ 
terpolated  baekscattering  coefficients 
V  =  average  forest  stem  volume  of  the  grid  cell 
0  =  angle  of  incidence 

=  average  volumetric  canopy  moisture 
,  =  average  volumetric  soil  moisture 
=  norming  constant 

-  fraction  of  water  areas  (lakes  and  sea) 
a,  =  standard  deviation  of  ef  for  the  iih  antenna  beam 
c  =  calibration  constant  due  to  the  systematic  difference 
between  the  model  and  ERS-1  WS  data 
=  modelled  forest  canopy  backscattering  contribution 
t  =  modelled  forest  canopy  transmissivity 
=  modelled  soil  backscattering  contribution 

=  modelled  backscattering  coefficient  of  water  areas. 

In  order  to  estimate  the  soil  moisture,  for  a  single  pixel, 
(1)  yields  the  following  iteration  problem: 
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Minimize  X  ■  (1  -fj  ■  l(fy{V,%m,  J  +  t\V,  J  ■  ,)] 

« =  1 2a,  ’  .  iT  • 

where 

=  standard  deviation  of  volumetric  canopy  moisture 

=  average  value  of  volumetric  canopy  moisture 
X^  =  standard  deviation  of  ERS-1  WS  calibration  accuracy 
(assumed  to  be  0.1  dB) 

c  =  systematic  difference  between  the  backscattering  model 

and  ERS-1  WS-derived  cf  (assumed  to  be  1.3  dB). 

Soil  moisture  retrieval  results 

Fig.l  presents  the  comparison  between  the  ERS-1  WS -based 
soil  moisture  estimates  and  hydrological  model-b^ised  refe¬ 
rence  values.  The  results  include  values  obtained  for  323  crises 
from  a  total  of  32  grid  cells  (18  dates).  The  results  show  that 
on  dry  conditions  the  soil  moisture  estimate  is  nearer  the 
reference  value  than  on  wet  conditions  .Since  the  radar  response 
to  variations  in  the  soil  moisture  saturates  at  volumetric 
moistures  higher  than  about  30%,  the  estimates  disperse  to¬ 
wards  high  values. 

Fig.2  shows  the  relation  between  the  two-day  cumulative 
precipitation  and  the  daily  soil  moisture  estimate  (mean  value 
for  32  grid  cells),  and  additionally,  the  combined  effect  of  soil 
moisture  and  precipitation.  These  results  clearly  show  that: 

*  It  is  possible  to  obtain  good  estimates  for  soil  moisture  in 
forested  areas  using  ERS-1  Wind  Scatterometer  data  when 
considerable  precipitation  has  not  occurred  directly  prior  to 
image  acquisition. 

*  The  soil  estimate  obtained  is  actually  related  to  the  soil 
moisture  and  incident  precipitation,  probably  due  to  the  fact 
that  precipitation  increases  the  amount  of  loose  water  on  surface 
vegetation  or  on  ground  which  amplifies  the  backscatter  from 
forest  floor.  Since  the  forest  floor  backscattering  contribution 
is  assumed  to  be  only  related  to  the  soil  moisture  in  the 
estimation  procedure,  the  possible  loose  water  causes  an  ove¬ 
restimated  soil  moisture.  Hence,  the  soil  moisture  estimate 
really  estimates  the  total  effective  amount  of  water  in  top  soil 
layer  and  on  ground  vegetation. 

Monitoring  of  soil  frost 

The  detection  of  soil  freezing  was  tested  using  the  ERS-1  WS 
data  from  the  autumn  1993.  The  inversion  algorithm  (2) 
estimates  the  soil  moisture  using  a  modelled  relation  between 
the  dielectric  constant  and  the  volumetric  soil  moisture  [2]. 
When  soil  freezes  its  dielectric  constant  decreases  significantly 
and,  as  a  consequence,  the  model  predicts  a  low  soil  moisture 
(from  the  model  point  of  view,  a  frozen  soil  behaves  as  a  very 
dry  soil).  Therefore,  when  (2)  suggests  an  unrealistic  low  soil 
moisture  value,  it  really  detects  a  frozen  area.  Since  the 
microwave  backscatter  is  related  to  both  vegetation  and  soil, 
the  scatterometer-based  soil  moisture  estimate  is  also  affected 
by  the  freezing  of  vegetation. 


Fig.3  depicts  the  average  behavior  of  soil  frost  depth  and 
WS-based  soil  moisture  estimate.  The  comparison  is  carried 
out  for  six  occasions.  The  conclusion  from  the  results  is  that 
under  non-frost  conditions  the  soil  moisture  estimates  typically 
show  Vtdues  well  above  10%  (which  can  be  also  noticed  in 
Figure  1),  but  in  the  case  of  frozen  soil  the  estimates  obtained 
are  usuidly  below  10%.  The  soil  moisture  estimate  appears  to 
correlate  with  the  depth  of  soil  frost. 

Fig  .4  shows  the  grid  cell- wise  behavior  of  the  depth  of  soil 
frost  as  a  function  of  the  average  WS-based  soil  moisture 
estimate.  The  results  show  that  when  the  soil  moisture  estimate 
obtained  is  below  9.5%,  the  soil  is  either  frozen  or  at  least  the 
mecin  air  temperature  is  below  freezing  point  (which  may 
indicate  that  the  forest/ground  vegetation  is  partially  frozen). 

RESOLUTION  ENHANCEMENT 

Due  to  the  low  spatial  resolution  (47  km)  of  ERS-1  scatte¬ 
rometer  images,  there  is  an  interest  in  techniques  which  can 
improve  the  resolution  of  the  scatterometer  data.  One  method 
which  was  originally  developed  for  use  with  Seasat  scatte¬ 
rometer  (SASS)  data  [3]  involves  combining  the  data  from 
different  antenna  passes.  When  this  technique  was  applied  to 
ERS-1  data,  improved  nominal  resolution  levels  of  14  km  were 
reported  [4].  However,  the  ERS-1  scatterometer  processing 
chain  ensures  that  its  resultant  images  are  adequately  sampled 
md  therefore  combining  different  images  will  not  help  to 
improve  the  spatial  resolution.  In  addition,  the  process  of 
combining  data  from  different  antenna  passes  would  not,  in 
itself,  increase  the  resolution  of  the  image  beyond  that  de¬ 
termined  by  the  instrument  impulse  response  function. 

The  ERS-1  scatterometer  processing  chain  involves  the  spatial 
integration  of  returned  pulses  which  are  weighted  using  a  85x85 
km^  Hamming  window.  The  pixel  sampling  rate  for  ERS-1 
scatterometer  data  is  25  km.  The  Hamming  function  is  widely 
used  in  signal  processing  [5]  and  takes  the  form  of  a  cosine 
squared  function  which  sits  on  a  pedestal  above  the  zero  level. 
The  vast  majority  of  the  energy  in  the  power  spectrum  is 
contained  wi  Ain  the  sampling  limit  and  (in  comparison  to  noise 
and  possible  mis-registration  effects)  there  is  virtually  no 
information  which  can  be  obtained  by  combining  data  sets  taken 
at  different  times  or  wiA  different  antennas.  Therefore,  in  the 
absence  of  any  a  priori  information  about  the  scene  under 
consideration  a  realistic  limit  that  can  be  placed  on  the  possible 
resolution  enhancement  of  ERS-1  scatterometer  data  is  25  km, 
which  might  be  achieved  using  linear  deconvolution  methods. 

CONCLUSIONS 

Our  results  indicate  that  in  the  case  of  boreal  forest  zone,  the 
ERS-1  Wind  Scatterometer  has  considerable  potential  in 
mapping  of  soil/vegetation  freezing  and  some  potential  in  soil 
moisture  monitoring.  The  potential  for  forest  biomass  retrieval 
is  poor.  Moreover,  the  results  show  that  extensive  image 
resolution  enhancement  is  not  possible. 
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Figure  1 .  Soil  moisture  retrieval  results  for  the  time  period  from 
June  to  September  1993.  The  results  are  determined  for  323 
pixel-wise  measurements  on  18  occasions  for  32  grid  cells. 


Figure  2.  (a)  Comparison  of  the  daily  WS-based  average  soil 
moisture  estimate  with  the  reference  soil  moisture. 

(b)  Regression  relation  between  the  soil  moisture  estimate  and 
the  sum  of  reference  soil  moisture  and  two-day  cumulative 
precipitation. 


Figure  3.  Behavior  of  WS-based  soil  moisture  estimate  (soil 
frost  detector),  depth  of  soil  frost  and  daily  mean  air  tempe¬ 
rature  for  the  autumn  1 993.  The  daily  average  values  calculated 
from  19  grid  cells  are  presented. 
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Figure  4.  Relation  between  WS-based  soil  moisture  estimate 
and  the  depth  of  soil  frost.  The  cross-marked  circles  present 
the  cases  where  mean  air  temperature  has  been  below  ( or  equal 
to)  the  freezing  point. 
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Abstract  -  Helicopter-based  radiometric  measurements  of 
forested  sites  acquired  during  the  Boreal  Ecosystem- 
Atmosphere  Study  (BOREAS)  were  used  to  examine  the  spa¬ 
tial,  temporal,  and  spectral  variability  in  surface  reflectance 
and  vegetation  indices  (VI),  including  the  normalized  differ¬ 
ence  vegetation  index  (NDVI)  and  the  simple  ratio  (SR),  and 
for  comparison  with  surface  cover  and  fluxes.  In  this  analysis, 
the  sensors,  which  were  employed  during  all  three  intensive 
field  campaigns  (IFC)  of  1994,  consisted  of  an  eight-channel 
modular  multiband  radiometer  (MMR),  ground-based  sun 
photometer  used  for  atmospheric  correction,  and  LICOR  LAI- 
2000,  hemispherical  photographs,  and  a  ceptometer  for  re¬ 
trieval  of  surface  biophysical  variables.  Means  and  coeffi¬ 
cients  of  variation  were  calculated  and  linear  regression 
analysis  performed  on  reflectances.  Vis,  and  surface  variables 
over  the  entire  data  set  and  as  a  function  of  season  and  cover 
type.  Surface  biophysical  variables  included  leaf  area  index 
(LAI),  effective  LAI,  and  the  fraction  of  absorbed 
photosynthetically-active  radiation  (green  fAPAR).  While 
each  dominant  species  displayed  recognizable  reflectance 
spectra,  variability  in  reflectance,  which  was  high  in  every 
channel,  was  most  likely  strongly  influenced  by  understory 
and  ground  reflectances,  and  by  atmospheric  effects.  Of  the 
eight  MMR  bands,  those  most  responsive  to  surface  variations 
were  the  third  and  second  middle  infrared  (IR)  (2.08-2.37  and 
1.57-1.80  pm,  respectively),  the  red  (0.63-0.68  pm),  and  the 
blue  (0.45-0.52  pm).  Of  the  two  Vis  examined,  our  results 
showed  that  the  NDVI  offered  more  predictive  information 
than  the  SR  regarding  temporal  and  spatial  variations  in  sur¬ 
face  characteristics.  Linear  regression  analyses  between  the 
surface  biophysical  measurements  and  the  helicopter  reflec¬ 
tances  and  Vis  resulted  in  low  r^  values  (consistently  <  0.5), 
which  may  be  explained  by  the  effects  of  incomplete  canopy 
0-7803-3068-4/96$5.00©1996  IEEE 


cover  and  background  effects.  Only  among  sites  that  were 
mainly  vegetated  by  Aspen  {Populus  tremuloides)  and  ob¬ 
served  during  the  summer  IFC  was  a  stronger  relationship 
observed.  Atmospheric  contamination  of  the  radiometric  sig¬ 
nal  by  clouds  and  smoke  from  forest  fires  may  also  have 
contributed  to  the  unsatisfactory  results.  Improved  estimates 
of  aerosol  optical  depth,  taken  from  a  sun  photometer  mounted 
on  the  helicopter,  will  be  available  in  the  future. 

INTRODUCTION 

A  central  objective  of  the  Boreal  Ecosystem-Atmosphere 
Study  (BOREAS)  was  to  achieve  an  improved  understanding 
of  the  behavior  of  the  boreal  biome  for  use  in  more  accurately 
predicting  the  effects  of  global  change  [6].  Remote  sensing 
techniques  which  estimate  relevant  biophysical  and  climatic 
variables  are  frequently  used  in  models  which  predict  global 
change.  Therefore,  the  objective  for  remote  sensing  studies  at 
BOREAS  was  to  improve  those  techniques  used  for  parameter 
retrieval.  In  particular,  one  objective  of  this  research  was  to 
assess  the  utility  of  vegetation  indices  (VI),  derived  from 
helicopter-based  modular  multiband  radiometer  (MMR)  re¬ 
flectances,  in  estimating  surface  biophysical  variables  during 
all  three  intensive  field  campaigns  (IFC)  of  1994  at  BOREAS 
[11].  This  assessment  should  also  assist  in  clarifying  the  meth¬ 
ods  used  to  estimate  those  same  variables  at  global  scales  from 
satellite  observations.  A  secondary  objective  of  this  prelimi¬ 
nary  analysis  was  to  assess  the  quality  of  the  helicopter  and 
surface  measurements  at  BOREAS  to  eliminate  sources  of  er¬ 
ror  in  evaluations  of  the  predictive  capabilities  of  Vis. 

The  current  understanding  of  the  use  of  satellite  reflectance 
factors  to  categorize  forest  canopy  characteristics  is  changing. 
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The  relationships  and  models  which  are  applied  to  forest  can¬ 
opies  were  developed  over  homogeneous  agricultural  crops  or 
grassland  canopies.  Those  relationships  have  not  consistently 
applied  to  the  forest  environment  with  its  natural  variability, 
unique  geometry,  and  layering  characteristics.  In  agricultural 
crops  and  forests  with  full  canopy  cover,  the  relationship  be¬ 
tween  LAI  and  reflectance  factors  in  the  red,  near  infra-red, 
and  mid-infrared  have  been  found  to  be  negative,  positive,  and 
negative,  respectively  [2].  In  incomplete  canopies,  however, 
a  negative  relationship  was  found  between  red  reflectance  and 
LAI,  but  no  relationship  between  near  infra-red  reflectance 
and  LAI  [8].  In  addition,  analysis  over  Oregon  forests  (where 
LAI  was  correlated  to  canopy  closure)  showed  a  positive  near 
IR-to-LAI  relationship  in  deciduous  and  coniferous  stands  [7]. 
Thus,  over  the  boreal  forests  where  the  relationship  of  canopy 
closure  to  LAI  is  unknown,  this  may  be  a  factor  when  utilizing 
reflectance  and  Vis  in  modeling  forest  canopy  processes. 

METHODOLOGY 

The  analysis  was  performed  in  three  stages.  First,  the  heli¬ 
copter  MMR  observations  were  converted  to  at  surface  reflec¬ 
tance  factors  through  the  processes  of  radiometric  calibration 
and  atmospheric  correction.  Second,  an  initial  assessment  in 
the  form  of  measures  of  central  tendency  and  variability  in  the 
MMR  reflectance  factors,  MMR-derived  VI  products,  and  sur¬ 
face  biophysical  variables  was  made.  This  provided  a  broad 
understanding  of  the  behavior  of  the  variables  and  a  glimpse  at 
possible  trends  and  patterns,  as  well  as  an  assessment  of  data 
quality.  Third,  linear  regression  was  used  to  assess  the  pre¬ 
dictive  capability  of  reflectances  and  Vis  relative  to  the 
surface  biophysical  variables,  which  are  commonly  applied 
with  satellite  data,  and  as  a  function  of  dominant  species  and 
season.  The  dominant  vegetation  types  which  we  focused  on 
are  Aspen  {Populus  tremuloides).  Black  Spruce  (Picea  mari- 
ana\  and  Jack  Pine  {Pinus  banksiano)  [6]. 

The  helicopter  and  surface  data  used  in  this  analysis  were 
collected  during  all  3  IFCs  of  1994  at  numerous  tower  and 
auxiliary  sites  in  both  the  northern  and  southern  study  areas  at 
BOREAS.  The  dates  of  the  IFCs  were  as  follows:  24  May- 16 
June,  19  July-10  August,  and  30  August-19  September,  in 
sequence.  The  NASA  Goddard  Space  Flight  CenterAVallops 
Flight  Facility  (GSFCAVFF)  helicopter  was  deployed  and  the 
data  was  acquired  with  a  Barnes  Modular  Multispectral  Radi¬ 


ometer  (MMR)  while  the  helicopter  was  hovering  at  an  alti¬ 
tude  of  approximately  300  meters  above  ground  level  yielding 
an  instantaneous  field  of  view  (IFOV)  of  -  23  m.  The  spectral 
bands  of  the  MMR  are  as  follows:  0.45-0.52  |im  for  MMRl 
(blue),  0.51-0.52  |xm  for  MMR2  (green),  0.63-0.68  |xm  for 
MMR3  (red),  0.75-0.88  \im  for  MMR4  (near  infra-red  (IR)), 
1.17-1.33  |Lim  for  MMR5  (first  middle  IR),  1.57-1.80  |im  for 
MMR6  (second  middle  IR),  and  2.08-2.37  iim  for  MMR7  (far¬ 
thest  middle  IR).  The  MMR  voltages  were  processed  to 
at-sensor  radiances  (Wm‘^pm"^sr‘^)  following  procedures  de¬ 
scribed  in  [4]  and  using  calibration  coefficients  obtained 
during  post-season  calibrations  performed  at  NASA/GSFC. 
The  individual  scans  were  examined  and  those  with  spurious 
values  were  removed.  The  mean  helicopter  MMR  radiances 
and  sun  photometer  data  collected  near-simultaneously  on  the 
ground  were  then  input  into  Version  3.2  of  the  Second  Simu¬ 
lation  of  the  Satellite  Signal  in  the  Solar  Spectrum  (6S)  atmo¬ 
spheric  correction  program  [9]  to  obtain  surface  reflectance 
factors.  The  sun  photometer  data  set  provided  estimates  of 
aerosol  optical  depths,  which  varied  spatially  and  temporally 
especially  during  the  summer  due  to  the  prevalence  of  forest 
fires.  Descriptions  of  the  methods  used  in  deriving  LAI  and 
green  fAPAR  estimates  are  available  in  the  literature  [1,3,5]. 
The  surface  measurements  used  in  the  analysis  were  collected 
by  BOREAS  science  teams  (Chen,  Cihlar  and  Penner;  Gower; 
Plummer  and  Curran;  Rich)  and  are  defined  as  follows:  (1) 
LAI  -  one  half  the  total  leaf  area  per  unit  ground  surface  area 
(m^m‘^);  (2)  effective  LAI  --  the  product  of  LAI  and  a  species- 
specific  foliage  clumping  index;  and  (3)  green  fAPAR  —  the 
fraction  of  photosynthetically  active  radiation  absorbed  by 
green  plant  matter  (fAPAR).  Time  clasped  between  surface 
and  helicopter  observations  was  confined  to  less  than  three 
weeks  for  the  conifer  sites  where  seasonal  variability  was  low, 
and  to  appoximately  two  weeks  for  the  temporally-variable 
Aspen  stands. 

RESULTS  AND  DISCUSSION 
Analysis  of  Central  Tendency  and  Variability 

BOREAS-Wide  Analysis.  The  mean  and  coefficient  of  vari¬ 
ation  of  surface  reflectance.  Vis,  and  surface  biophysical 
variables  in  the  data  set  are  given  inTable  1 .  Mean  reflectance 


Table  1:  Mean  and  %CV  for  Collected  MMR  Spectral  Reflectances,  Vis,  and  Surface  Biophysical  Data  Sets 

MMRl 

MMR2 

MMR3 

MMR4 

MMR5 

MMR6 

MMR7 

SR 

NDVI 

LAI 

EffLAI 

fAPAR 

N 

214 

214 

214 

214 

214 

214 

214 

214 

214 

96 

80 

85 

Mean 

0.019 

0.032 

0,03 

0.191 

0.203 

0.125 

0.054 

7.475 

0.717 

2.929 

2.088 

0.694 

%CV 

39.3 

31.2 

1 

40.6 

35.7 

32.2 

35.7 

44.1 

55.2 

15.5 

41.3 

40.8 

20.8 

587 


clearly  followed  the  spectral  pattern  expected  for  green 
vegetation.  Low  reflectance  (and  high  absorption)  was  asso¬ 
ciated  with  the  visible  part  of  the  spectrum,  while  high  reflec¬ 
tance  was  found  in  the  near  infra-red  (IR).  In  addition,  the 
mean  Vis  (SR=MMR4/MMR3=7.5  and  NDVI=(MMR4- 
MMR3)/  (MMR4+MMR3)-0.72)  and  surface  parameters 
(LAI=2.93  and  fAPAR=0.69)  fell  within  expected  values. 

The  variability  of  the  SR  (CV=55%)  and  of  reflectance 
factors  in  the  blue  (MMRl  CV=39%),  red  (MMR3  CV=41%) 
and  middle  IR  (MMR7  CV=44%)  bands  -  associated  with  leaf 
senescence,  chlorophyll  absorption,  and  tissue  water  content, 
respectively  --  demonstrated  markedly  higher  variability  over 
the  NDVI  (CV=15%)  and  slightly  higher  variability  relative  to 
the  other  bands.  The  surface  measurements  showed  similar 
ranges  in  variability  (LAI  CV=41%,  Effective  LAI  CV=40%, 
and  fAPAR  CV=21%).  At  the  First  International  Satellite 
Land  Surface  Climatology  (ISLSCP)  Field  Experiment 
(FIFE),  a  similar  experiment  was  carried  out  over  the  predom¬ 
inantly  grass  canopies  of  the  Konza  Prairie  in  Kansas  [10].  A 
strong  pattern  of  increased  variability  in  those  same  variables 
was  shown  (with  markedly  lower  variance  in  the  other  wave¬ 
lengths)  and  was  associated  with  a  greater  predictive 
capability.  The  weakness  of  this  pattern  at  BOREAS  suggests 
that  the  complexity  and  variability  of  forest  ecosystems,  vari¬ 
ability  in  understory  composition,  and/or  atmospheric  effects 
may  have  introduced  bias  into  the  data  set. 

Figure  1  is  a  correlation  matrix  of  MMR  surface 
reflectances.  High  correlations  (>  approximately  0.8)  were 
displayed  between  bands  1  through  3  and  7,  while  similarly 
high  associations  were  seen  in  bands  4  and  5.  This  finding  was 
consistent  with  the  results  found  in  Kansas  [10].  However,  a 
seasonal  trend  in  correlations  in  our  results  indicated  that  the 
reflectances  may  have  also  been  responding  to  other  processes 
not  associated  with  overstory  vegetation.  For  example,  the 
blue  and  the  farthest  IR  (MMRl  and  MMR7)  showed  decreas¬ 
ing  correlations  of  0.859,  0.756,  and  0.689  for  IFCs  1,  2,  and 
3,  respectively.  These  two  bands  (which  respond  to  leaf  se¬ 
nescence  and  water  content,  respectively)  should  have  exhib¬ 
ited  consistently  high  associations,  especially  in  the  drier 
conditions  that  prevailed  during  the  third  IFC  and  that  should 
have  influenced  both  causal  factors  strongly.  This  absence  of 
strong  cross-seasonal  correlations  again  implied  the  presence 
of  complicating  factors  in  the  BOREAS  data  set. 

Analysis  of  Variability  Within  Each  Species  and  IFC.  Mean 
vegetation  indices  and  measured  biophysical  properties  for  the 
data  set  are  presented  in  Table  2.  Overall  agreement  in  broad 
seasonal/cover  type  patterns  were  shown  between  Vis  and  sur¬ 
face  biophysical  variables  in  the  helicopter  data.  For  example, 
seasonal  trends  in  SR  and  NDVI  were  observed  in  each  spe¬ 
cies,  and  their  relationship  to  cover  type  was  observed  at 
predominantly  Aspen  sites,  which  showed  higher  SR  and 
NDVI  than  the  Jack  Pine  or  Black  Spruce  sites.  Trends  were 
less  evident  in  the  surface  data,  which  was  sampled  with 
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MMR  Spectral  Bands  1-7 

Figure  1 :  Correlation  matrix  between  MMR  surface  reflectances. 

Grey  scale  indicates  strengh  of  correlation  ranging  from  0  (black) 
to  1  (white);  20  greyscale  steps. 

less  frequency  and  regularity.  For  example,  the  same  Aspen 
sites  were  not  consistently  sampled  in  every  IFC.  The  density 
of  the  Aspen  stands  (relative  to  the  conifer  sites)  was  espe¬ 
cially  evident  in  the  fAPAR  estimates.  Mild  seasonal  patterns 
were  observed  in  the  Pine  and  Spruce  stands  in  both  the  sur¬ 
face  and  helicopter  data.  The  sampling  of  LAI  and  effective 
LAI  varied,  especially  in  the  second  and  third  IFCs.  There¬ 
fore,  some  trends  were  indistinguishable,  as  shown  in  Table  2 
where  N  gives  both  the  number  of  MMR  and  LAI  samples  in 
each  dominant  species  type.  The  other  surface  parameters 
were  sampled  with  slightly  lower  frequency  than  LAI.  The 
inconsistent  sampling  regime  of  the  surface  measurements  jus¬ 
tified  the  further  stratification  of  the  data  set. 

Regression  Analysis 

BORE AS-Wide  Analysis.  The  results  of  regression  analyses 
(Table  3)  showed  poor  relationships  between  surface  variables 
and  vegetation  indices.  Our  results  showed,  however,  implied 
the  higher  information  content  and  predictive  capability  of  the 
NDVI  (0.106  <  r^  <  0.276)  compared  to  the  SR  (0.029  <  r^  < 
0.162).  In  each  case,  the  addition  of  a  quadratic  term  of  LAI 
improved  the  results  only  slightly.  The  poor  performance  of 
the  relationship  between  effective  LAI  and  the  Vis  was  clearly 
evident.  Histograms  of  the  data  (which  showed  normal  distri¬ 
butions  in  the  surface  variables  and  in  the  NDVI,  while  the  SR 
did  not)  confirmed  bias  in  the  data  set,  though  they  offered 
little  insight  into  causes  or  interactions. 

Some  improved  relationships  were  found  between  reflec¬ 
tance  factors  in  individual  channels  and  the  surface  variables 
(Table  4).  MMR  bands  1-3  and  6-7  showed  the  strongest  re¬ 
lationships  to  the  surface  vegetation.  This  confirmed  the 
results  of  the  analysis  of  mean  and  variability  with  suggested 
higher  information  content  at  those  wavelengths.  However, 
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Table  2:  Mean  Surface  Variables  and  Vis  b; 

y  Species  and  IFC 

IFC 

Nmmr 

/Nlai 

SR 

NDVI 

LAI 

EffLAI 

fAPAR 

Aspen 

1 

11/1 

10.70 

0.81 

3.65 

2.91 

NA 

2 

28/7 

14.42 

0.85 

2.90 

1.82 

0.80 

3 

6/1 

6.63 

0.70 

2.66 

2.21 

0.84 

Pine 

1 

21/12 

4.16 

0.59 

2.17 

1.62 

0.60 

2 

37/25 

5.96 

0.68 

2.46 

1.92 

0.64 

3 

12/6 

5.62 

0.68 

2.84 

1.64 

0.79 

Spruce 

1 

25/14 

6.23 

0.71 

1  3.30 

2.29 

0.69 

2 

41/26 

6.45 

0.72 

3.38 

2.36 

0.72 

3 

6/3 

7.14 

0.75 

1  4.29 

1.92 

0.85 

the  slope  of  the  regression  lines  were  all  negative,  including 
that  of  near  JR  to  LAI.  The  lack  of  a  strong  positive  relation¬ 
ship  between  near  IR  reflectance  and  forest  canopy  LAI 
suggested,  based  on  previous  work  [2,7,8],  that  canopy  closure 
and  LAI  are  not  strongly  correlated.  Therefore,  the  reflectance 
factors  were  possibly  influenced  or  biased  by  canopy  closure, 
understory,  and  background  cover. 

Regression  Analysis  Within  Species.  To  address  the  ques¬ 
tions  of  the  information  content  and  predictive  capability  of 
the  Vis  for  each  species,  the  data  set  was  confined  to  tower 
sites  (those  with  intensive  data  collection  from  surface-based 
towers).  Table  5  gives  the  results  (r^)  of  the  species-by-species 
linear  regression  of  the  Vis  and  red  and  near  IR  reflectance 
against  the  three  surface  vegetation  measurements  at  the  tower 
sites.  Although  the  quantity  of  sites  was  reduced  by  this  re¬ 
striction,  as  was  shown  in  the  number  of  observations  in  each 
analysis  (N),  some  temporal  consistency  in  sampling  was 
attained.  The  most  striking  result,  however,  was  the  strong 
relationship  (r^>0.97)  shown  in  the  regressions  of  Aspen  VI 
and  individual  band  reflectances  against  surface  variables. 
This  confirms  previous  research  [8,12],  which  implied  that 
canopy  closure  and  background  effects  are  issues  confined  to 
coniferous  tree  species.  The  r^  value  of  a  regression  of  MMR4 
and  LAI  in  the  full  data  set  of  Aspen  sites  was  0.61  with  a 
positive  slope,  superior  to  the  relationship  for  all  Aspen  stands 
in  the  full  data  set  (r^<0.03  in  Table  4).  This  demonstrated  the 
strength  of  the  MMR4-LAI  relationship  over  Aspen  sites,  and 
its  weakness  with  coniferous  species.  However,  SR-  and 
NDVI-to-LAI  regressions  in  the  same  data  set  resulted  in  r^ 
values  of  only  0.32  and  0.27,  respectively.  Although  this  rep¬ 


resented  an  increase  relative  to  the  significance  for  the  entire 
data  set  (Table  3),  the  implication  of  this  decrease  in  the  sig¬ 
nificance  of  the  relationship  relative  to  the  more  restricted 
tower  site  data  set  was  that  atmospheric  and  aerosol  contribu¬ 
tions  to  the  signal  may  have  affected  the  visible  bands.  The 
Pine  and  Spruce  tower  site  analysis  showed  much  weaker  re¬ 
lationships  to  each  surface  variable,  which  again  suggested  the 
interaction  of  canopy  structure  and  background  reflectance  in 
the  reflectance  factors  of  these  species.  Again,  effective  LAI 
showed  weak  relationships  in  both  conifer  species. 


Table  3:  Regression  Analyses  for  Vis  (r^2) 

Predictor  Variables 

Surface 

Variables 

N 

SR 

NDVI 

LAI 

96 

0.056 

0.174 

EffLAI 

80 

0.029 

0.106 

fAPAR 

85 

0.162 

0.276 

The  quality  of  performance  of  the  NDVI  in  predicting  sur¬ 
face  biophysical  quantities  was  demonstrated  numerically  in 
the  slope  and  strength  of  their  relationships  with  red  and  near 
IR  reflectances.  In  the  Aspen  stands,  high  r^  values  and  slopes 
conformed  to  expected  values  (red:  negative;  near  IR:  posi¬ 
tive)  which  maximize  the  information  content  of  the  SR  and 
NDVI  [2].  The  two  conifer  stands,  however,  had  weak  rela¬ 
tionships,  and  the  absence  of  the  expected  slope  contributed  to 
the  weakness  of  the  SR  and  NDVI  relationships.  A  graphical 
depiction  of  this  relationship  is  given  in  Figure  2.  This  plot  of 
reflectance  in  the  near  IR  (MMR4)  as  a  function  of  LAI  dem¬ 
onstrated  the  distinct  behavior  of  the  three  tree  species.  In 
addition  to  distinct  relationships  as  defined  by  the  slope  of  the 
relationship  (given  in  Table  5),  the  area  occupied  by  each  spe¬ 
cies  in  Cartesian  space  was  mutually  exclusive. 

SUMMARY 

The  BOREAS  field  experiment  allowed  a  critical  assess¬ 
ment  of  the  performance  of  vegetation  indices  in  predicting 
surface  conditions,  a  common  satellite  application,  while  use 
of  the  helicopter  reflectances  eliminated  the  issues  of  georeg¬ 
istration  and  scale  which  affect  satellite  observations.  This 
preliminary  analysis  confirmed  the  utility  of  Vis  in  predicting 
surface  conditions,  and  focused  on  an  issue  of  concern  in 


Table  4:  Regression  Analyses  for  MMR  Reflectance  Factors  and  Surface  Biophysical  Variables  ( r^2) 

Predictor  Variables 

Surface 

Variables 

N 

MMRl 

MMR2 

MMR3 

MMR4 

MMR5 

MMR6 

MMR7 

LAI 

96 

0.268 

0.271 

0.332 

0.027 

0.183 

0.403 

0.450 

EffLAI 

80 

0.222 

0.190 

0.242 

0.006 

0.066 

0.233 

0.325 

fAPAR 

85 

0.304 

0.301 

0.370 

0.003  i 

0.162 

0.385 

0.486 

589 


Table  5:  Regression  Analyses  of  Vis  and  Reflectances  vs. 

Surface  Variables  for  Each  Species:  Tower  Sites  Only 

Predictor  Variables 

Surface 

Nlai 

SR 

NDVI 

MMR3 

MMR4 

Variables 

(r^2) 

(r^2) 

(r'^2,  slope) 

(r^2,  slope) 

Aspen 

LAI 

3 

0.998 

0.999 

0.99  1  neg 

0.97  1  pos 

EffLAI 

3 

0.998 

0.999 

fAPAR 

3 

0.998 

0.999 

Pine 

LAI 

21  ^ 

0.381 

0.363 

0.43  1  neg 

0.00  1  no 

EffLAI 

21 

0.041 

0.047 

fAPAR 

21 

0.086 

0.198 

Spruce 

LAI 

10 

0.274 

0.265 

0.24  1  no 

0.02  1  no 

EffLAI 

10 

0.363 

0.342 

fAPAR 

10 

0.362 

0.309 

Figure  2:  Near  IR  Reflectance  as  a  function  of  LAI 
for  the  three  tree  species. 

recent  research:  the  behavior  of  the  reflectance  factor  over 
coniferous  forests  and  the  interaction  of  leaf  area  index,  cano¬ 
py  cover,  understory  and  background  composition  in  that 
behavior.  However,  the  utility  of  Vis  was  reinforced  over  the 
Aspen  sites.  We  observed  a  marked  decrease  in  the  predictive 
ability  of  the  Vis  over  coniferous  stands.  In  addition  to  an 
initial  assessment  of  the  application  of  remote  sensing  meth¬ 
ods  in  the  boreal  forest,  weaknesses  or  bias  in  the  helicopter 
and  surface  variables  were  identified.  Atmospheric  correction 
using  aerosol  depths  derived  from  a  sun  photometer  mounted 
on  the  helicopter  will  strengthen  the  MMR  observations.  Op¬ 
tions  to  improve  the  surface  measurements  include  further 
restricting  observations  based  on  sampling  consistency  and 
methods  and  to  account  for  understory  and  background  reflec¬ 
tance  factors  when  explaining  the  behavior  of  the  VI-LAI 
relationships  for  conifers. 
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Abstract  -  A  hybrid  geometric-optical  and  radiative  transfer 
(GORT)  model  [1],  developed  for  the  radiation  regime  in  dis¬ 
continuous  vegetation  canopies,  is  modified  to  include  branch 
orientation  properties.  This  new  version  of  the  model  was  used 
to  estimate  solar  radiation  transmission  in  old  Jack  Pine  (OJP) 
and  old  black  spruce  (OBS)  forests  in  Canada. 

Radiation  measurements  collected  in  OJP  and  OBS  forests  in 
Canada  show  that  radiation  transmission  as  a  function  of  solar 
zenith  angle  and  height  in  the  canopy  deviates  from  what  is  pre¬ 
dicted  by  Beer ’s  law.  By  considering  gap  probabilities  between 
crowns  in  addition  to  within  individual  crowns,  GORT  esti¬ 
mates  more  accurately  transmission  distribution  in  the  canopy. 

Modification  of  the  GORT  model  to  include  branch  orien¬ 
tation  improves  the  ability  to  model  the  observed  patterns  of 
solar  radiation  transmission  as  a  function  of  solar  zenith  angle 
and  height  in  the  canopy  in  the  SOJP  site.  Branch  orientation 
distributions  are  derived  from  PARABOLA  measurements  by 
the  Geometric-Optical  Mutual  Shadowing  (GOMS)  model  [2]. 

INTRODUCTION 

The  Boreal  Ecosystem-Atmosphere  Study  (BOREAS)  ex¬ 
periment  has  been  undertaken  for  better  understanding  of  the 
interactions  between  the  boreal  forest  biome  and  the  atmo¬ 
sphere.  The  radiation  environment  below,  within  and  above 
conifer  stands  plays  a  crucial  role.  Both  airborne  canopy  re¬ 
flectance  and  snowmelting  patterns  [3]  collected  over  BOREAS 
test  sites  showed  strong  heterogeneity  which  reveals  that  the 
effect  of  the  conifer  forests  on  the  solar  radiation  regime  dif¬ 
fers  significantly  from  the  one  of  a  more  homogeneous  turbid 
medium,  like  deciduous  forests  and  grass  canopies.  Large  un¬ 
certainties  of  the  surface  radiation  inputs  used  in  the  climate 
models,  as  well  in  hydrology  and  ecology  schemes,  come  from 
this  insufficient  knowledge  of  the  partitioning  of  radiative  en¬ 
ergy  within  the  snow-covered  boreal  landscape. 

The  architecture  of  conifer  forests  is  quite  complex  due  to 
the  clumping  of  branches  into  crowns,  of  shoots  into  branches, 
and  of  needles  into  shoots.  This  yields  a  strong  landscape  het¬ 
erogeneity  at  all  spatial  scales  since  a  light  ray  may  be  trapped 
in  or  transfered  through  any  element  of  the  canopy  layer.  In¬ 
corporating  the  conifer  stand  structure  into  a  classical  radiative 
transfer  approach  proved  to  be  rather  difficult  as  a  result  of  the 
specific  heterogeneity  [4].  The  geometric-optical  (GO)  model 
[2]  was  developed  for  describing  the  light  transfer  in  discon¬ 
tinuous  vegetation  canopies,  which  incorporated  directly  the 
0-7803-3068-4/96$5.00©1996  IEEE 


three-dimensional  tree  geometry  structure  effect  on  the  radia¬ 
tion  regime.  With  the  basic  GO  approach,  the  newly  developed 
geometric-optical  and  radiative-transfer  (GORT)  model  [1]  in¬ 
corporates  the  effect  of  not  only  the  three-dimensional  tree 
geometry  structure,  but  also  the  foliage  spectral  properties  on 
the  radiation  regime.  This  model  is  tested  hereafter  against 
measurements  of  solar  radiation  transmission  collected  during 
BOREAS  field  campaigns  over  Old  Jack  Pine  (OJP)  and  Old 
Black  Spruce  (OBS)  forests. 

RESULTS  OF  MODELING 

Distribution  of  total  radiation  within  the  forest  canopy  in¬ 
cludes  three  components:  direct  incoming  solar  radiation,  dif¬ 
fuse  skylight  filling  into  gaps,  and  the  field  of  solar  radiation 
scattered  by  elements  of  the  canopy  and  understory  background. 
In  the  visible  range,  the  only  spectrum  treated  here,  large  ab¬ 
sorption  by  needles  allows  for  ignoring  multiple  scattering  and 
so  only  the  first  two  contributions  are  considered. 

In  GORT,  the  discontinuous  vegetation  canopy  was  modeled 
as  an  assemblage  of  many  individual  tree  crowns  of  ellipsoidal 
shape  randomly  centered  between  height  hi  and  hi,  where 
h\  and  hi  are  the  lower  and  upper  bounds  of  crown  center 
height.  Within  each  single  crown  the  foliage  and  branches  are 
assumed  to  be  uniformly  distributed.  The  incoming  direct  and 
diffuse  shortwave  irradiance  can  pass  through  the  gaps  between 
crowns,  stems,  branches,  or  leaves,  and  enters  canopies  at  dif¬ 
ferent  heights,  with  some  of  the  photons  scattered  and  some 
unscattered.  The  proportion  of  the  scattered  and  unscattered 
direct  beam  at  any  height  and  at  any  solar  zenith  angle  was 
simulated  by  the  total  gap  probabilities,  including  the  between- 
crown  and  within-crown  gap  probabilities. 

In  this  study,  the  gap  probability  calculated  in  the  GORT 
model  is  used  to  model  the  shortwave  radiation  transmission 
of  conifer  stands.  Fig.  1  and  Fig.  2  show  the  vertical  profiles 
of  the  beam  and  diffuse  skylight  transmittance  over  OJP  forest 
for  various  sun  angles  using  the  GORT  model  and  Beer’s  law. 
Measurements  of  tree  geometry  and  foliage  density  served  as 
inputs.  These  figures  show  that  vertical  distribution  of  the 
radiation  predicted  from  GORT  resembles  a  logistic  curve  in 
sigmoid  shape  as  a  function  of  height.  Most  of  the  radiation  is 
intercepted  between  hi  and  hi.  Deviation  from  an  exponential 
function  like  Beer’s  law  is  essentially  caused  by  the  between- 
crown  gap  probability,  taken  into  account  in  the  GORT  model. 
At  smaller  solar  zenith  angles,  the  radiation  beam  reaching  the 
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forest  floor  has  two  components,  which  are  the  between-crown 
and  within-crown  gap  probabilities.  The  former  is  dominant 
for  large  solar  zenith  angles  where  the  radiation  interception  by 
the  forests  is  much  closer  to  the  prediction  by  Beer’s  law. 

Field  measurements  [5]  and  tree  parameters  retrieved  by  bidi¬ 
rectional  reflectance  inversion  of  the  geometric  optical  mutual 
shadowing  (GOMS)  model  [6]  in  BOREAS  test  sites  showed 
that  the  horizontal  whorls  of  branches  within  a  single  crown 
act  somewhat  like  a  pile  of  horizontally  oriented  disks  within 
an  ellipsoid  envelope  [7].  This  makes  more  light  pass  through 
the  crowns  at  large  solar  zenith  angles.  Mth  the  assumption  of 
randomly  oriented  branches  within  a  single  crown,  the  GORT 
model  will  underestimate  the  gap  probability.  In  this  study,  the 
original  GORT  model  was  modified  to  account  for  the  effect 
of  the  horizontal  whorl  branch  structure  on  the  gap  probability. 
Here  an  empirical  formula,  Gh{6)  =  0.1cos^{6)-\-03,  describ¬ 
ing  the  orientation  of  branches  for  the  SOJP  site  was  used  in 
the  calculation  of  between-crown  gap  probability.  It  was  ob¬ 
tained  from  the  inverted  tree  coverage  results  [6] .  Fig.  3  depicts 
the  modeled  radiation  transmission  distribution  with  height  and 
solar  zenith  angle  in  SOJF  sites  by  the  original  and  modified 
GORT  model  for  a  clear  day.  Fig.  3  shows  that  the  radiation 
transmittance  first  decreases  and  then  increases  with  increasing 
solar  zenith  angle.  The  reason  is  that  at  smaller  solar  zenith 
angles,  radiation  transmission  arises  mainly  from  beam  radia¬ 
tion,  whereas  at  larger  solar  zenith  angles,  more  contribution  is 
from  diffuse  skylight  though  openness. 

COMPARISON  WITH  FIELD  MEASUREMENTS 

During  1994  and  1995  field  campaigns  in  BOREAS,  radi¬ 
ation  measurements  were  implemented  in  SOJP,  SOBS,  and 
NOBS  sites.  Fig.  4  and  Fig.  5  show  the  measured  (averaged 
over  days  157, 158, 201, 202, 208, 216  in  SOJP  and  days  157, 
158, 164, 201, 202, 205, 206, 207, 208, 211,  and  216  in  SOBS) 
and  modeled  vertical  distribution  of  daily  radiation  transmit¬ 
tance  in  SOJP  and  SOBS  sites.  Fig.  6  and  Fig.  7  show  the 
radiation  transmission  at  the  snow  covered  forest  floor  in  SOJP 
and  NOBS  sites. 

Comparison  of  field  measurements  in  SOJP  and  SOBS  with 
the  modeled  results  shows  that  GORT  can  model  the  vertical 
radiation  transmission  distribution  in  SOJP  better  than  in  SOBS 
site.  The  explanation  is  due  to  the  difference  of  the  tree  dis¬ 
tribution  between  SOJP  and  SOBS  sites.  The  tree  heights  are 
more  uniform  for  SOJP  than  SOBS:  the  range  of  the  tree  height 
is  12-15  m  in  SOJP  whereas  it  is  0- 1 1  m  in  SOBS  site  according 
to  [5];  60%  of  the  trees  were  recorded  as  6  meters  high,  30% 
were  8  meters  and  10  %  of  10.5  meters.  This  tree  distribution 
in  SOBS  deviates  from  what  is  assumed  by  the  GORT  model. 
Fig.  4  and  Fig.  6  show  that  the  modified  GORT  model  can 
simulate  better  radiation  transmittance  than  the  original  GORT 
in  the  SOJP  site.  Because  of  too  many  uncertainties  for  the 
distribution  of  vertical  crown  centers  in  the  canopy,  we  did  not 
explore  the  ability  of  the  modified  GORT  to  model  nonuniform 


Figure  1:  Modeled  beam  transmittance  in  SOJP 


Figure  2:  Modeled  diffuse  skylight  transmittance  in  SOJP,  con¬ 
tributed  by  between-crown,  P(n=0)  and  within-crown,  (P(n>0)) 
gap  probabilities 


Figure  3:  Modeled  shortwave  radiation  transmittance  in  SOJP 
by  original  and  modified  GORT 

tree-distributed  SOBS  sites. 

Notice  that  the  values  of  the  input  parameters  hi  and  hi 
are  not  sensitive  to  the  radiation  transmission  at  the  forest  floor, 
although  they  are  sensitive  to  its  vertical  distribution.  This  may 
be  important  for  the  future  work  on  the  application  of  GORT 
in  snowmelting  models  at  landscape  scale,  since  we  have  to 
use  remotely  sensed  measurements  for  the  inputs  of  GORT  at 
landscape  scale,  by  which  the  input  values  of  hi  and  hi  are 
usually  hard  to  obtain. 

CONCLUSION 

The  comparison  of  solar  radiation  transmission  between  the 
field  measurements  and  simulated  results  by  GORT  shows  its 
ability  to  model  the  effect  of  the  three  dimensional  conifer 
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Figure4:  Comparison  of  modeled  and  measured  daily  averaged 
transmittance  in  SOJP 


Figure  5 :  Comparison  of  modeled  and  measured  daily  averaged 
transmittance  in  SOBS 


szn 


Figure  6:  Comparison  of  modeled  and  measured  transmittance 
in  SOJP  on  day  38, 39,40 


stand  structure  on  the  solar  radiation  environments  within  and 
below  the  canopy.  The  combination  of  both  GO  and  RT 
proaches  has  more  advantages  than  either  pure  RT  or  pure  GO 
approaches.  GO  accounts  for  the  influence  of  crown  structure 
and  RT  accounts  for  the  influence  of  the  optical  properties  of 
the  foliage  structure.  Moreover,  the  combination  of  these  two 
approaches  allows  one  to  incorporate  more  easily  the  compli¬ 
cated  conifer  tree  structure  in  the  model  (e.g.  accounting  the 
effect  of  the  horizontal  whorl  branch  structure).  GORT  has 
high  potential  for  application  at  landsc^  scale  in  BOREAS. 
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ABSTRACT 

The  physical  microwave  vegetation  radiometiy 
model  developed  at  Aerojet  is  employed  to 
investigate  the  impacts  of  environmental 
conditions  on  microwave  radiometry  of  vegetation  / 
forest.  The  model  is  based  on  solution  of  the 
radiative  transfer  equations  and  it  operates  over  a 
wide  frequency  band  in  the  microwave  and 
millimeter  wave  regions  for  both  coniferous  and 
deciduous  forest  as  well  as  grass  and  agriculture 
crops.  Numerical  simulations  based  on  the  model 
showed  that  the  horizontally  polarized  temperature 
is  more  sensitive  to  the  seasonal  variations  than  the 
vertically  polarized  temperature. 

INTRODUCTION 

Environmental  conditions  such  as  freezing, 
thawing,  dryness,  and  wind  storms,  affect 
vegetation  and  forest  canopies  in  three  different 
aspects.  They  change  the  canopy  structures  through 
defoliating  or  foliating  (seasonal  variation)  or 
through  changing  orientation  (wind  storm).  They 
change  dielectric  properties  through  changing 
water  content  or  changing  physical  temperature. 
They  also  change  the  canopy  physical  temperature 
profiles  through  wind  storms.  In  this  study  the 
vegetation  microwave  radiometry  model  developed 
at  Aerojet  [1-3]  is  employed  to  investigate  the 
impacts  of  some  of  those  conditions  on  the 
radiometer  response. 

In  this  study,  the  effect  of  the  variation  in  canopy 
physical  temperature  profile  associated  with  wind 
storm  is  investigated.  Also  the  effect  of  seasonal 
variation  in  canopy  structure  is  investigated 
through  foliating  or  defoliating  the  canopy  trees. 

MODEL  DESCRIPTION 

The  model  is  constructed  through  developing  and 
integrating  a  hierarchy  of  models  :  (i)  upper-level 
model  relating  the  radiometer  brightness 
0-7803-3068-4/96$5.00©1996  IEEE 


temperature  to  the  scattering  amplitude  tensors  of 
the  canopy  constituents  [2],  (ii)  intermediate-level 
models  relating  the  scattering  amplitude  tensors  of 
the  canopy  constituents  to  the  geometric  and 
dielectric  properties  of  such  constituents,  and  (iii) 
lower-level  models  relating  the  dielectric  properties 
of  vegetation  constituents  to  the  canopy  biophysical 
parameters.  The  upper-level  model  is  developed 
through  an  iterative  solution  for  the  radiative 
transfer  equations  inside  a  multi-layered  random 
medium  containing  discrete  scatterers  representing 
the  canopy  constituents  [1-2].  The  deciduous  leaves 
are  represented  by  randomly  oriented  elliptic  discs. 
The  branches,  trunks,  stems,  and  coniferous  leaves 
are  represented  by  randomly  oriented  finite  length 
cylinders.  The  intermediate-level  models  are 
represented  by  (a)  disc  scattering  amplitude  tensors 
bridging  those  derived  via  the  physical  optics 
approximation  and  those  derived  via  the 
generalized  Rayleigh-Gans  approximation  [3],  and 
(b)  finite  cylinder  scattering  amplitude  tensors 
working  over  a  wide  frequency  bands[3].  The 
scattering  amplitude  tensors  are  derived  from 
electromagnetic  theory.  The  lower-level  models  are 
based  on  semi  -  empirical  formulae  reported  in  the 
open  literature  for  soil  and  vegetation  dielectric 
constants  [4-5]. 

NUMERICAL  SIMULATIONS 

The  numerical  simulations  performed  in  the 
present  section  are  aimed  at  investigating  some 
effects  of  wind  storms  and  season  variations  on  the 
radiometer  response.  The  numerical  simulations 
are  performed  through  using  walnut  canopy 
parameters  as  an  input  for  the  model.  The  canopy 
is  treated  as  a  two  layered  medium  above  a  rough 
surface.  The  upper  layer  stands  for  the  crown  and 
it  contains  tree  leaves,  secondary  branches  and 
primary  branches.  The  lower  layer  contains  the 
tree  trunks.  The  rough  surface  represents  the  soil- 
canopy  interface.  The  geometric  properties  of  the 
leaves,  branches,  trunk,  and  soil  roughness  are 
given  in  [3], 
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Figure  1  is  presented  to  illustrate  the 
effect  of  wind  storms  on  the  vertically  polarized 
temperature  at  6.6  GHz.  The  effect  of  wind  storm 
is  represented  by  an  exponential  physical 
temperature  profile  along  the  canopy  height.  The 
physical  temperature  value  is  equal  to  Tc  at  the 
canopy-air  interface,  and  is  equal  to  T,  at  the 
canopy-soil  interface. 

Figures  2  -  4  are  presented  to  investigate 
the  impacts  of  season  variations  on  both  canopy 
brightness  temperature  and  attenuation.  Two 
different  seasons  of  the  year  are  considered  in  Figs. 
2  -  4  :  spring  and  winter.  In  spring,  the  canopy 
trees  are  foliated  and  in  winter  the  trees  are 
defoliated.  Figure  2  depicts  the  vertically  polarized 
brightness  temperature  calculated  as  a  function  of 
frequency  at  53“  angle  of  incidence  for  both  winter 
and  spring  seasons.  Figure  3  gives  the  horizontally 
polarized  brightness  temperature  under  the  same 
conditions  used  in  Fig.  2.  The  attenuation  values 
are  depicted  at  Fig.  4  for  both  vertically  and 
horizontally  polarized  radiations.  Two  sets  of 
attenuation  values  are  calculated  for  each 
polarization  :  values  at  spring  time,  and  values  at 
winter  time.  In  the  legend  of  Fig.  4,  the  first  letter 
stands  for  polarization,  and  the  second  letter  stands 
for  the  season,  of  the  year.  For  instance  V(s)  means 
the  vertically  polarized  attenuation  calculated  at 
spring  time. 

DISCUSSIONS 

With  regard  to  the  effect  of  wind  storm  which  is 
represented  by  the  variations  in  canopy  physical 
temperature  profile,  from  Fig.  1  we  see  that  such 
an  effect  has  a  pronounced  impact  on  the  canopy 
brightness  temperature.  The  brightness 
temperature  follows  the  variations  in  canopy-soil 
temperature.  Higher  values  for  the  canopy-soil 
temperature  are  associated  with  higher  values  for 
the  canopy  brightness  temperature  and  vise  versa. 
The  results  reported  in  Fig.  1  are  true  for  the 
walnut  canopy  under  consideration  and  for  the 
radiometer  configurations  (frequency,  angle, 
polarization)  considered  in  the  figure.  They  may 
vary  for  other  canopies  and  other  radiometer 
configurations. 

As  for  the  variations  in  the  canopy  structu»'e 
associated  with  the  season  variations,  their  impacts 
can  be  inferred  from  Figs.  2-4.  Form  Figs.  2  and 
3  we  see  that  defoliating  the  canopy  trees  which 


INCIDENCE  ANGLE  (DEG) 

Fig.  1  The  vertically  polarized  temperature  for 
different  physical  temperature  profile  (Frequency 
6.6  GHz,  soil  moisture  =  29.5%) 


Fig.  2  The  seasonal  variations  in  the  vertically 
polarized  temperature  ( Angle  =  53°) 
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3  The  seasonal  variations  in  the  horizontally 
polarized  temperature  (Angle  =  53°). 


Frequency  (GHz) 


Fig.  4  The  seasonal  variations  in  the  canopy 
attenuation  ( Angle  =53°). 


takes  place  during  winter  times  is  associated  with  a 
decrease  in  both  radiometer  brightness  temperature 
and  attentions.  The  decrease  in  canopy  brightness 
temperature  during  winter  season  is  more  at  lower 
frequencies  than  at  higher  frequencies,  and  it  is 
more  for  horizontally  polarized  radiations  than 
vertically  polarized  radiations.  On  the  other  hand 
the  decrease  in  attenuation  is  more  at  higher 
frequencies  than  at  lower  frequencies.  This  is 
expected  because  tree  leaves  have  lower 
attenuation  values  at  lower  frequencies  than  at 
higher  frequencies.  From  Figs.  2  and  3  we  also  see 
some  interesting  feature.  We  see  that  the 
horizontally  polarized  brightness  temperature  is 
sensitive  to  the  variation  in  canopy  structure  over  a 
wide  frequency  band.  This  indicates  its  potential  in 
monitoring  the  seasonal  variations  in  canopy 
structures  over  a  frequency  values  ranging  from  L- 
band  (1.4  GHz)  frequencies  to  Ka  -  band  (37  GHz) 
frequencies. 
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Abstract  —  A  calibrated  composite  surface  model  for  the 
calculation  of  absolute  normalized  radar  backscattering  cross 
sections  (NRCS)  of  the  ocean  surface  is  presented.  The  model 
is  based  on  a  Taylor  expansion  of  the  NRCS,  as  given  by 
Bragg  scattering  theory,  up  to  second  order  in  the  surface 
slope.  Measured  NRCS  values  for  a  variety  of  radar  frequen¬ 
cies,  polarizations,  incidence  angles,  azimuthal  radar  look 
directions,  and  wind  speeds  can  be  well  reproduced  after 
some  reasonable  tuning  of  the  input  ocean  wave  spectrum. 
The  model  can  thus  be  considered  as  an  advanced  wind  scat- 
terometer  model  based  on  physical  principles.  Due  to  this  fact 
it  is  also  well  suited  for  general  applications  like  the  calcula¬ 
tion  of  NRCS  variations  associated  with  distortions  of  the 
wave  spectrum  in  the  presence  of  surface  current  gradients. 

INTRODUCTION 

Remote  sensing  of  the  ocean  by  microwave  radar  requires 
imaging  models  for  the  relationship  between  features  at  the 
sea  surface  and  their  radar  signatures.  Major  applications  are 
the  derivation  of  surface  winds  from  absolute  normalized 
radar  backscattering  cross  section  (NRCS)  measurements 
(wind  scatterometry)  and  the  interpretation  of  relative  spatial 
NRCS  variations  due  to  the  presence  of  long  ocean  waves, 
current  gradients,  or  surface  films.  Suitable  models  for  these 
applications  have  been  obtained  by  different  approaches. 

Wind  scatterometry  requires  a  simple  but  well  calibrated 
algorithm  for  the  conversion  of  NRCS  values  into  wind  speed 
vectors.  The  coarse  spatial  resolution  and  the  constant  radar 
parameters  of  spaceborne  wind  scatterometers  allow  the  utili¬ 
zation  of  completely  empirical  models.  In  contrast  to  this,  the 
interpretation  of  radar  signatures  associated  with  surface  cur¬ 
rent  gradients  and  related  features  requires  detailed  knowl¬ 
edge  of  the  physics  of  the  imaging  mechanism.  Sophisticated 
models  have  been  developed  which  account  for  the  impact  of 
the  complete  ocean  wave  spectrum  and  its  spatial  variations 
on  the  backscattered  radar  signal.  Observed  NRCS  variations 
could  normally  be  explained  quite  well  this  way. 

A  shortcoming  of  most  "physical"  imaging  models  is  that 
they  have  not  been  optimized  for  the  reproduction  of  absolute 
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NRCS  values  and  their  dependence  on  parameters  like  the 
radar  frequency  and  polarization  and  the  wind  speed.  Their 
quantitative  performance  is  thus  somewhat  questionable.  On 
the  other  hand,  existing  calibrated  physical  models  are  quite 
complex  and  require  time-consuming  integrations  or  very 
detailed  input  parameter  sets.  Such  models  are  not  ideally 
suited  for  general  applications. 

In  this  paper  we  present  an  optimized  composite  surface 
model  which  combines  some  advantages  in  a  unique  way.  The 
proposed  model  is  based  on  physical  principles,  but  it  does 
not  require  complex  fundamental  integrations.  It  is  well  cali¬ 
brated,  but  it  requires  as  input  only  the  radar  frequency,  po¬ 
larization,  incidence  angle,  wind  speed,  and  the  azimuthal 
radar  look  direction  with  respect  to  the  wind  direction.  After 
some  reasonable  tuning  of  the  equilibrium  waveheight  spec¬ 
trum,  measured  mean  NRCS  values  for  a  variety  of  parameter 
values  can  be  reproduced  quite  well.  The  proposed  model  can 
thus  be  considered  as  a  "physical"  wind  scatterometer  model 
which  can  consistently  be  used  for  many  applications  that 
require  NRCS  calculations. 

THEORY  OF  THE  MODEL 

The  proposed  model  is  a  composite  surface  model  based  on 
a  Taylor  expansion  of  the  NRCS  up  to  second  order  in  the 
surface  slope.  According  to  resonant  Bragg  scattering  theory 
[1],  the  normalized  radar  backscattering  cross  section  Go  of  a 
horizontal  facet  at  the  ocean  surface  is  given  as 

Oo  =87:/:,"cos‘‘eo|fo(eof  ('P(it5)  +  'I'(-^B))-  (D 

Here  is  the  electromagnetic  wavenumber,  and  0o  is  the 
nominal  incidence  angle  of  the  radar.  The  magnitude  of  the 
Bragg  wavenumber  vector  ks  is  given  as 

=2/c^  sinGo  ,  (2) 

while  its  direction  is  equal  to  the  nominal  azimuthal  look 
direction  of  the  radar,  (^q.  The  complex  scattering  coefficient  b 
in  (1)  depends  on  the  polarization  of  the  radar  and  on  the 
relative  dielectric  constant  of  seawater,  which  varies  with  the 
electromagnetic  wavelength.  The  waveheight  spectrum  T  is 
defined  such  that  its  integral  yields  the  mean  square  surface 
elevation. 

In  the  general  case  of  a  slightly  tilted  Bragg-scattering  facet 
with  slopes  Sp  parallel  and  Sn  normal  to  the  radar  look  direc¬ 
tion,  the  relatively  simple  expressions  (1),  (2)  become  more 
complicated.  Furthermore,  a  correction  factor  may  be  intro- 
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duced  which  accounts  for  geometric  weighting  effects  associ¬ 
ated  with  backscattering  facets  which  are  tilted  with  respect  to 
the  horizontal  plane  or  elevated  from  nominal  sea  level.  The 
expectation  value  (a)  of  the  NRCS  of  a  realistic  sea  surface 
can  then  be  computed  by  taking  a  Taylor  expansion  of  the 
local  NRCS  up  to  second  order  in  the  surface  slopes  and  aver¬ 
aging  over  the  illuminated  area  in  space  and  time.  In  addition 
to  the  zeroth-order  term  of  the  NRCS  as  given  by  (1),  some 
terms  of  second  order  in  the  surface  slopes  survive  the  averag¬ 
ing  procedure. 

Details  of  the  Taylor  expansion  have  already  been  de¬ 
scribed  elsewhere  [2].  In  view  of  the  limited  space  of  this 
publication  we  want  to  mention  only  that,  in  contrast  to  most 
other  approaches,  our  model  includes  not  only  geometric 
terms  but  also  an  explicit  hydrodynamic  modulation  transfer 
function  (MTF)  which  accounts  for  the  asymmetric  distribu¬ 
tion  of  the  Bragg  waves  along  longer  ocean  waves  [3].  Fur¬ 
thermore,  we  resolve  the  dependence  of  the  hydrodynamic 
MTF  and  of  some  geometric  terms  on  the  wavenumber  of  the 
modulating  waves  by  keeping  some  integrals  over  the  wave- 
height  spectrum  in  the  resulting  terms  of  (a). 

Finally,  (a)  can  be  written  as 

=  ,  (3) 

where  is  the  undisturbed  zeroth-order  term,  and  is 
composed  of  second-order  contributions  which  depend  on  the 
mean  square  surface  slopes  parallel  (p)  and  normal  {n)  to  the 
azimuthal  radar  look  direction  and  on  the  mean  product  of  the 
two  slope  components,  respectively: 

=  +  +  (4) 

Inserting  all  components  of  the  Taylor  expansion,  each  of 
the  three  terms  of  (4)  can  be  further  decomposed  into  six 
terms  which  account  for  different  modulation  mechanisms: 

<a  ^ )  =  <a  +  <a/,  > + ) + <a  + <a  +  <a  /, ) ,  (5) 

where  j  =  pp,  nn,  pn.  Here  the  subscript  gg  denotes  pure  sec¬ 
ond-order  "geometric"  modulation,  tt  denotes  second-order 
"tilt"  modulation,  that  is,  modulation  of  Oo  due  to  variations  of 
the  surface  slope  and  to  the  corresponding  variations  of  the 
Bragg  wave  vector,  and  hh  denotes  second-order  hydrody¬ 
namic  modulation  of  the  waveheight  spectral  density  of  the 
Bragg  waves.  The  other  three  terms  are  cross  terms  resulting 
from  the  correlation  of  first-order  geometric,  tilt,  and  hydro- 
dynamic  modulation.  All  second-order  terms  can  be  written  in 
terms  of  integrals  of  the  waveheight  spectrum  which  cover  all 
two-dimensional  wavenumbers  up  to  a  maximum  wavenumber 
which  is  determined  by  the  size  of  the  Bragg  scattering  facets. 
We  choose  1/6  kg  for  this  limit. 

Finally,  we  obtain  one  set  of  zeroth-order  and  second-order 
terms  for  each  of  the  two  Bragg  wave  components  traveling 
towards  and  away  from  the  radar  antenna,  which  yields  totally 
38  terms. 


MODEL  OPTIMIZATION  AND  EVALUATION 

Aside  from  electrodynamic  effects,  the  variation  of  the 
theoretical  NRCS  with  radar  frequency,  wind  speed,  and  azi¬ 
muthal  radar  look  direction  depends  mainly  on  the  form  of  the 
waveheight  spectrum.  The  variety  of  parameterizations  pro¬ 
posed  by  different  authors  suggests  that  the  waveheight  spec¬ 
trum  may  be  tuned  to  some  extent  in  order  to  fit  model  results 
to  measured  NRCS  values. 

A  reference  data  set  for  the  model  optimization  was  com¬ 
posed  of  data  from  four  different  airborne  scatterometers  and 
experimental  campaigns  as  described  in  [4],  [5],  [6],  [7], 
covering  radar  frequencies  between  1.2  and  34.4  GHz,  hori¬ 
zontal  (HH)  and  vertical  (VV)  polarization,  incidence  angles 
between  30°  and  52°,  and  wind  speeds  between  2  and  20  m/s. 
The  total  number  of  reference  data  points  is  507. 

For  basic  test  calculations,  the  so-called  Donelan-Banner- 
Jahne  waveheight  spectrum  proposed  by  J.  Apel  [8]  was  used. 
Promising  advantages  of  this  spectrum  are  its  well  defined 
dependence  on  wavenumber  and  wind  speed  and  the  fact  that 
it  is  continuous  and  differentiable  for  all  wavenumbers.  It 
turned  out,  however,  that  neither  the  wavenumber  dependence 
nor  its  wind  speed  dependence  is  completely  satisfactory  for 
the  model  calculations:  For  low  wind  speeds  like  2  m/s,  all 
measured  NRCS  values  were  reproduced  relatively  well.  For 
14  m/s  winds,  the  NRCS  values  for  Bragg  wavenumbers  up  to 
about  200  rad/m  were  clearly  underestimated,  while  the 
NRCS  values  for  higher  Bragg  wavenumbers  were  overesti¬ 
mated  by  up  to  one  order  of  magnitude.  Further  analysis  has 
shown  that  also  the  directional  behavior  of  the  waveheight 
spectrum  according  to  [8]  does  not  lead  to  the  desired  cross- 
wind  /  downwind  differences  of  the  NRCS. 

An  improved  parameterization  for  the  waveheight  spectrum 
has  been  developed  in  an  iterative  procedure,  trying  to  keep 
the  spectral  shape  as  close  as  possible  to  the  original  shape  by 
focusing  modifications  on  the  Bragg  wave  region  at  wave- 
numbers  between  approx.  25  and  1 100  rad/m. 

Fig.l  shows  a  graph  of  the  proposed  spectrum  for  a  wind 
speed  of  10  m/s.  Also  shown  is  the  corresponding  spectrum 
according  to  [8]  and  the  spectrum  proposed  by  Bjerkaas  and 
Riedel  [9]  which  has  been  used  often  in  the  literature.  The 
figure  shows  that  the  proposed  optimized  spectrum  agrees 
better  with  the  Bjerkaas-Riedel  spectrum  than  with  Apel’s 
spectrum  on  which  it  is  based.  Furthermore,  the  differences 
between  the  latter  two  spectra  appear  to  be  bigger  than  the 
differences  between  the  proposed  spectrum  and  the  Bjerkaas- 
Riedel  spectrum.  Our  optimization  procedure  appears  to  have 
not  resulted  in  a  completely  unrealistic  wave  spectrum. 

For  the  wind  speed  dependence  of  the  waveheight  spectrum 
we  propose  a  power  law  as  known  from  most  wind  scat- 
terometer  models,  with  a  wavenumber-dependent  wind  speed 
exponent  that  has  a  maximum  value  of  approx.  1.6  at  a  wave- 
number  of  approx.  250  rad/m.  It  vanishes  for  low  wavenum¬ 
bers  below  1  rad/m,  where  the  spectral  shape  changes  with  the 


598 


REFERENCES 


peak  wavenumber  as  function  of  wind  speed  in  a  conventional 
way.  For  the  directional  spreading  function  we  adopt  the 
Gaussian  expression  from  [8],  but  we  reduce  its  width  at  high 
wavenumbers  by  approx.  1/2  in  order  to  reproduce  the  meas¬ 
ured  cross  wind  /  downwind  differences  of  the  NRCS. 

It  is  no  surprise  that  the  dependence  of  the  simulated  NRCS 
on  radar  frequency  and  wind  speed  must  be  in  good  agree¬ 
ment  with  measurements  after  the  optimization  procedure 
described  above.  It  is  encouraging  to  see  that  also  other  prop¬ 
erties  of  the  experimental  results  are  reproduced  quite  well 
without  dedicated  tuning  activities. 

As  examples,  Figs.  2  and  3  show  simulated  upwind  / 
downwind  ratios  and  HH  /  VV  ratios  of  the  NRCS,  respec¬ 
tively,  vs.  the  corresponding  reference  values.  Without  any 
tuning,  the  hydrodynamic  MTF  according  to  [3]  leads  to  rea¬ 
sonable  upwind  /  downwind  differences  of  the  NRCS.  Also 
the  measured  HH  /  VV  differences  are  well  reproduced,  which 
is  not  the  case  if  only  the  zeroth-order  term  of  the  NRCS 
is  taken  into  account. 

The  proposed  model  in  combination  with  the  optimized 
wave  spectrum  appears  to  be  a  powerful  tool,  which  should  be 
well  suited  for  wind  scatterometry  applications  as  well  as  for 
general  applications  like  the  conversion  of  arbitrary  measured 
or  calculated  wave  spectra  into  realistic  NRCS  values. 
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Figure  1:  Cross  section  of  curvature  spectra  for  a  wind 
speed  of  10  m/s,  as  proposed  in  this  work  and  in  [8]  and  [9]. 
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Figure  2:  Simulated  vs.  measured  upwind  /  downwind  ratios 
of  the  NRCS  (no  dedicated  optimization  has  been  applied). 
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Figure  3:  Simulated  vs.  measured  HH  /  VV  ratios  of  the 
NRCS  (no  dedicated  optimization  has  been  applied). 


A  Physically-Based  Two-scale  Electromagnetic  Model  For  Backscatter  From  Ocean-Like  Surfaces. 


T.  Elfouhaily  and  B.  Chapron 
IFREMER  centre  de  Brest 
DRO/OS,  BP  70 
29270  Plouzane  France 
(33).98.22.43.12  (V)  or  .45.33  (FAX) 
Tanos  .El  .Fouhaily(®  ifremer.fr  (email) 


Abstract  -  In  this  communication,  we  discuss  the 
development  of  a  two-scale  radar  sea  scatter  model  including 
use  of  a  directional  spectrum  and  bispectrum  of  the  water 
surface.  Such  a  development  seeks  to  quantify  the  involvement 
of  complex  surface  hydrodynamic  processes.  Upwind- 
crosswind  difference  is  retrieved  from  the  spreading  function 
of  the  short  and  long  waves  while  upwind-downwind 
asymmetry  is  reproduced  from  the  skewness  function  of  the 
small  features  on  the  water  surface.  Hydrodynamic 
contribution  is  included  to  model  longer  wave  system 
influences  (amplitude  and  direction  of  swell  systems).  Thus, 
this  two-scale  model  compares  well  against  CMOD4, 
CMOD_IFREMER  and  SASS-II  models  for  C-band  VV  poL, 
and  Ku-band  VV-  and  HH-pol.,  respectively. 

INTRODUCTION 

The  Normalized  Radar  Cross  Section  (NRCS)  is  known  to 
be  strongly  correlated  with  the  wind  field  at  the  water  surface 
[2]  [4].  To  estimate  wind  vector  from  space,  model  functions 
that  relate  NRCS  measurements  to  geophysical  reality  of  the 
ocean  surface  have  been  empirically  developed  [1][4]. 
Nowadays,  operational  models  for  several  frequency  bands 
and  polarizations  exist  [9]  [13].  Those  empirical  models  are 
based  upon  statistical  analysis  and  physical  knowledge  of  the 
a-priori  behavior  of  the  backscatter  signal.  Although 
estimation  for  moderate  wind  speed  is  accurate  enough  from 
these  algorithms,  wind  direction  retrieval  is  still  a  weak  point. 
This  inconvenience  occurs  even  for  fully  developed  wind  seas. 
Acknowledging  the  diversity  of  meteorological  situations, 
global  inversion  schemes  are  even  tougher.  Consequently, 
theoretically-based  developments  are  needed  to  help  modelers 
to  elaborate  more  accurate  models  that  can  infer  wind  vector 
for  all  kind  of  situations. 

An  ocean  surface  varies  in  time  and  space  under  the  action 
of  several  perturbative  agents.  By  describing  the  moving 
surface  as  a  random  process  limited  to  a  certain  number  of 
statistical  moments,  one  simplifies,  to  some  extent,  the  e.m. 
analysis  of  the  interaction.  In  fact,  one  needs  to  make 
assumptions  regarding  the  random  rough  surface  in  order  to  be 
able  to  find  a  simple  closed-form  solution  of  the  e.m  problem. 
The  major  assumptions  always  needed  in  e.m.  modeling  when 
one  deals  with  random  process  of  rough  surfaces  are: 

♦  Stationarity;  statistical  properties  of  the  water  surface  are 
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unchanged  with  an  arbitrary  horizontal  translation  of  the 
observation  point. 

♦  Ergodicity;  ensemble  average  of  several  independent 
surface  realizations  is  equivalent  to  time-average  of  the 
evolution  of  one  random  realization. 

♦  Correlation  length;  foot-print  dimensions  are  larger  than 
surface  correlation  lengths  of  water  waves.  Homogeneity  of 
the  foot-print  is  necessary  for  numerical  computations. 

♦  Radius  of  curvature;  all  features  on  the  surface  are 
interpreted  as  waves  with  finite  radius  of  curvature.  Tangent 
plan  can  always  be  determined  at  each  point  of  the  surface 
in  order  to  derive  the  standard  Fresnel  reflection  and 
transmission  coefficients. 

♦  Far  zone;  the  distance  between  the  observer  and  the  surface 
scattering  point  is  large  compared  to  surface  and  e.m.  wave 
wavelengths.  This  allows  modelers  to  simplify  Green’s 
function  of  free  space. 

♦  Rayleigh  criterion;  if  «  1  then  the  surface  is  ‘smooth’, 
otherwise  it  is  ‘rough’,  where  is  the  vertical  component 
of  the  e.m  wavenumber  and  o  is  the  surface  rms  height. 

For  a  review  of  theories  for  e.m.  models,  the  reader  is 

invited  to  refer  to  Valenzuela  [11]  and  Brown  [3].  In  this 
paper,  we  use  the  so-called  lEM  model  for  randomly  rough 
dielectric  surface  because  of  its  tractable  ability  to 
approximate  both  Kirchhoff  and  Bragg  mechanism.  The 
expressions  of  lEM  field  coefficients  are  simplified  and  given 
by  means  of  a  concise  Fresnel  reflection  coefficients  notation 
for  both  vertical  and  horizontal  polarizations. 

We  demonstrate  that  in  order  to  reproduce  the  polarization 
sensibility,  the  entire  wave  spectrum  cannot  enter  the  lEM 
solutions.  lEM  separately  deals  with  long  and  short  waves.  An 
extension  of  this  model  is  thus  needed  to  account  for  short 
wave  tilting  by  long  waves.  Traditionally,  hydrodynamics 
enters  e.m.  equations  via;  the  height  or  slope  PDF,  the  wave 
vector  spectrum  or  its  Fourier  transform  the  2D  wave  height 
autocovariance.  The  hydrodynamic  modulation  of  short  waves 
that  ride  on  top  of  long  waves  is  shown  to  be  responsible  for 
the  departure  from  the  standard  Gaussian  statistics.  This 
departure  is  recognized  in  the  third  order  surface  statistics  or 
the  skewness  function.  Therefore,  suggested  expressions  for 
the  skewness  and  its  Fourier  transform  the  Bispectrum  of 
ocean-like  surfaces  presented  to  fully  understand  upwind- 
downwind  asymmetry  as  measured  by  microwave 
instruments. 
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lEM  SOLUTIONS 

Assuming  small  slope  approximation  for  perfectly 
conducting  random  surfaces,  Fung  and  Pan  [7]  proposed  e.m. 
solutions  in  terms  of  scalar  tangential  surface  fields  and  found 
that  the  far-zone  backscatter  field  contains  two  components: 
one  is  the  Kirchhoff  scattered  field  and  the  other  is  a 
complementary  field: 

eI  =  eI  +  eI  (1) 

where  subscript  (p)  denotes  polarization  (p=//  for 
horizontal-  transmit/horizontal  receive  and  p-V  for  vertical- 
transmit/vertical-receive). 

Consequently,  the  coherent  scattered  power  is: 

Pp  =  <kpr>  =  +  {\Ef}  (2) 

and  by  using  the  definition  of  the  Normalized  Radar  Cross 
Section  (NRCS  or  sigma  naught): 

Op  =  lim  4;t/?^((|£p|V<knf))  (3) 

Equation  2  and  eq.  3  yield  the  lEM  model  for  backscatter 
from  dielectric  random  surface  that  one  can  write  under 
integral  form  as  follows: 

2  2 

+  ^«ro|  (4) 

where  kQ  is  the  e.m.  wavenumber,  is  the  vertical 
component  of  kQ.  The  coefficient  (a)  is  dependent  on  Rayleigh 
criterion, 

a  =  exp-j [•  ^  (5) 

is  the  Fourier  transform  at  (-Ikn)  of  the  IBM 
generalized  characteristic  function  ,  i.e.; 

r„  =  ^jc„exp{-j2(JcH  ■r)}dr  (6) 

where  kH  is  the  horizontal  component  of  the  e.m. 
wavenumber  vector  and  r  is  the  horizontal  spatial  lag 
between  two  scatter  points  at  the  surface  and  the  expression  of 
the  generalized  characteristic  function  of  vertical 
displacements  for  a  Gaussian  rough  surface  is, 

C„(r)  =  exp|-2"(/:j,o)^(l-p(r))|  (7) 

where  p(r)  is  the  two  dimensional  correlation  function 
which  is  related  to  the  vector  spectrum  of  wind-driven  waves 
through  a  2D  Fourier  transform. 

SIMPLIFIED  FIELD  COEFFICIENTS 

/p  and  Fp  in  eq.  4  are  the  field  coefficients  for  Kirchhoff 
and  complementary  e.m.  field,  respectively.  They  depend  on 
surface  properties  and  e.m.  incidence  angle  (0).  Expressions 
for  these  field  coefficients  are  explicitly  given  in  [8]  for 


backscattering  under  single  scattering  condition  and  for 


dielectric  rough  surfaces.  We  simplify  the  rather  complicated 
original  field  coefficient  by  means  of  the  Q_coefficient  based 
upon  the  Fresnel  reflection  coefficient  for  vertical 
polarization: 

(8) 

where  is  the  relative  complex  permittivity 
The  lEM  field  coefficients  simplify  to: 

of  sea  water. 

fy  =  2cos(Q)sec^(Q)  ■  Ry 

(9) 

ffj  -  -2cos(0)sec^(0) 

(10) 

Fy  =  -8cos(0)tan^(0)  • 

(11) 

Ffj  =  8cos(0)tan^(0) 

(12) 

where  R  stands  for  the  Fresnel  reflection  coefficients  and  V, 
H  subscripts  means  vertical  and  horizontal  polarizations, 
respectively. 


HYDRODYNAMIC  MODULATION 

The  second  and  third  terms  in  eq.  4  are  the  complementary 
solutions  to  the  Kirchhoff  approximation  that  takes  care  of  the 
polarization  sensitivity.  One  can  easily  notice  that  those 
complementary  terms  are  weighted  by  the  negative 
exponential  of  the  squared  Rayleigh  criterion  (eq.  5)  which 
vanishes  for  large  values  of  the  rms  height.  Thus,  in  order  to 
preserve  polarization  sensitivity,  only  small  scale  waves 
(ripples)  could  enter  the  lEM  formulation.  Therefore,  lEM  is 
not  a  two-scale  model  but  a  hybrid  model  which  has  limits  (1) 
in  the  Kirchhoff  solution  for  high  frequency  and  low 
incidence  angles  and  (2)  in  the  small  perturbation 
approximation  for  high  incidence  angles  and  small  rms 
heights.  Therefore,  short  and  long  waves  exclusively  enter  the 
DEM  model.  When  long  waves  are  introduced  short  waves  are 
not  and  vice  versa. 

Wright  [14]  was  the  first  investigator  to  formulate  a 
composite-surface  scattering  model  for  the  ocean.  The  sea  is 
assumed  to  be  formed  by  an  infinite  number  of  slightly  rough 
patches  and  the  backscatter  power  is  an  average  of  backscatter 
from  single  rough  patches  over  the  distribution  of  slopes  of 
longer  waves.  More  precisely,  this  average  is  a  convolution  of 
the  NRCS  of  small  rough  patches  by  slope  probability 
distribution  of  longer  waves.  One  can  use  this  idea  to  extend 
lEM  model  over  both  long  and  short  waves  without  neglecting 
the  hydrodynamic  modulation  of  short  waves  by  the  longer 
ones. 

To  account  for  hydrodynamic  modulation,  the  lEM 
generalized  characteristic  function  of  vertical  displacements 
(eq.  4)  should  be  split  into  two  characteristic  functions.  The 
first  one  is  the  long  wave  characteristic  functions  as  one  could 
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easily  get  by  a  simple  Fourier  transform  of  the  Gaussian  slope 
PDF.  While  the  second  is  the  short  wave  generalized 
characteristic  function  same  as  in  (eq.  4).  An  additional  term 
that  accounts  for  third  order  statistics  namely  the  surface 
skewness  functions  is  then  introduced  when  this  latter 
contribution  is  averaged  over  the  longer  waves.  The  skewness 
can  be  interpreted  as  advection  effects  of  the  short  waves 
riding  on  top  the  longer  ones.  A  typical  normalized  skewness 
function  in  polar  coordinate  should  read 

S  =  cos«p).(iJ-exp{-a(ij}  (13) 

where  a,  y  are  arbitrary  constants  and  is  the  skewness 
parameter  defined  as  a  ‘‘correlation  length”  of  the  short  wave 
advection  by  long  waves.  We  defined  it  as  the  ratio  of  the 
small  wave  rms  height  over  the  long  wave  mean-square 
slopes. 

-  1  rms(Short)  .x 

2  mss(Long) 

Typical  value  of  those  constants  for  sea  surface  waves 
under  moderate  surface  wind  speeds  are  y  ~  1 ,  a  1  and 
Sq  =  1cm,  The  2D  Fourier  transform  of  the  skewness 
function  or  the  well-known  Bispectrum  has  a 

simple  closed- form  for  any  a  when  y  only  equals  2. 

B  =  (15) 

This  development  slightly  differs  from  the  one  initiated  by 
Chen  and  its  collaborators  [5]  [6].  Moreover,  introduction  of 
skewness  as  proposed  above  is  comparable  with  the  so-called 
3-scale  e.m.  model  [10]. 

DISCUSSION  AND  CONCLUSIONS 

In  order  to  compare  this  two-scale  model  and  its 
hydrodynamic  properties  with  empirical  models; 

CMOD_IFREMER  C-band  VV  pol.  [9],  CMOD4  C-band  VV 
pol.  [11],  and  Ku-band  VV-  and  HH-pol.  [13],  one  can 
perform  a  Fourier  expansion  of  eq.  4  as  follows, 

=  aQ  +  aiCOs((p)  +  a2Cos(2(p)  +  ...  (16) 

This  decomposition  permits  a  simpler  physical 

interpretation  of  the  involvement  of  each  Fourier  harmonic; 
Uq  is  the  omni-direction  response  of  the  surface  which  is 
dominated  by  the  omni-directional  spectral;  reproduce  the 
upwind/downwind  asymmetry  by  means  of  the  surface 
skewness  function;  ^2  is  responsible  for  most  of  the  upwind/ 
crosswind  anisotropy  in  which  the  spreading  of  short  waves  is 
highly  involved.  The  variability  of  the  Fourier  harmonics  from 
our  model  with  incidence  angle  0  for  both  frequency  bands 
and  polarizations  can  be  summarized  as  follows: 

♦  is  a  monotonic  decreasing  positive  function. 

♦  is  a  bimodal  function  that  has  a  positive  maximum  at 


0  >  30^.  And  a  negative  minimum  at  a  certain  angle 
0  <  20^.  Therefore,  crosses  zero  at  angles  between  20 
and  30  degrees.  So,  every  radar  instrument  that  observes 
ocean  surface  at  incidence  angle  close  to  25""  cannot 
differentiate  the  upwind  from  the  downwind  direction.  In 
contrast,  the  upwind/downwind  is  always  captured  for 
0  <  20^  and  0  >  30^ 

♦  a2  is  a  unimodal  positive  function  that  has  a  single 
maximum  at  a  low  incidence  angle  (0  <  20^).  This 
coefficient  is  responsible  for  most  of  the  anisotropy 
between  upwind  and  cross  wind  directions. 

So,  the  development  presented  above  includes 
hydrodynamic  contribution  through  third  order  statistical 
description  coming  from  short  wave  modulation  over  the 
slope  of  longer  waves.  According  to  eq.  13  such  a 
contribution  will  directly  affect  but  also  and  ^2  at 
second  order.  More  attention  should  then  be  focused  on 
properly  model  tilt-hydrodynamic  modulation  to  better 
retrieve  wind  direction  from  empirical  algorithms. 
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Abstract  -The  angular  and  polarization  dependencies  of  the 
radar  backscatter  from  the  ocean  at  low  grazing  angles  at  X- 
band  are  discussed.  Analysis  of  recent  backscattering  data, 
obtained  as  a  result  of  small  grazing-angle  radar  observations, 
indicates  that  the  Bragg  mechanism  alone  cannot  explain  all 
the  peculiarities  of  the  experimental  results  in  the  presence  of 
surface  stratification  and  hydrodynamical  modulation.  The  two- 
scale  model,  from  the  point  of  view  of  the  small-slope 
approximation  (SSA),  takes  into  account  the  effects  of 
modulation  of  the  scattering  cross  section  due  to  small-scale 
roughness,  caused  by  the  local  slopes  of  a  large-scale 
undulating  surface.  The  two-dimensional  JONSWAP  spectrum 
has  been  used  to  calculate  the  cross  sections  derived.  The 
results  obtained  are  compared  with  San  Clemente  Ocean 
Probing  Experiment  (SCOPE)  measurements  and  some 
Coastal  Ocean  Probing  Experiment  (COPE)  results. 

INTRODUCTION 

At  moderate  incidence  angles  the  scattering  characteristics  of 
the  ocean  surface  can  be  largely  explained  by  a  composite  or  a 
two-scale  model.  The  difference  between  the  results  of 
theoretical  calculations  and  measurements  increases  as  grazing 
incidence  is  approached.  Recent  field  measurements  were 
conducted  to  identify  the  fundamental  scattering  mechanisms 
from  the  ocean  at  low  incidence  angles  [1-3].  On  the  other 
hand,  low  grazing  angles  are  of  significant  practical  and 
theoretical  interest,  and  the  corresponding  problem  has  been 
addressed  many  times  (e.g.,  [3, 4]).  The  results  observed  are  in 
disagreement  with  composite  surface  theory,  which  cannot 
explain  horizontally  polarized  radar  cross  sections  at  low 
grazing  angles  from  wind-roughened  water  surfaces. 

X-BAND  RADAR  BACKSCATTER  FROM  THE  OCEAN 
AT  LOW  GRAZING  ANGLES 

In  addition  to  the  features  of  low  grazing-angle  dependence 
of  normalized  radar  cross  sections  (NRCS)  and  Doppler 
velocities  presented  in  [1]  from  SCOPE  radar  observation, 


several  other  results  concerning  grazing  angle  dependence  on 
wind  speed,  wind  direction,  and  stability  of  air-sea  surface 
conditions,  were  reported  recently  [5]. 

SCOPE  data  selected  for  analysis  allow  the  closest  time 
comparison  of  horizontal  (HH)  and  vertical  (VV)  polarizations 
for  the  broadest  range  of  environmental  conditions.  Both  HH 
and  VV  cross  sections  were  computed  from  the  linear  channel 
to  increase  the  sensitivity  of  the  measurements.  The  analysis 
demonstrates  several  peculiarities  of  radar  signals  collected  at 
light  winds  of  3-5  m/s,  unstable  stratification,  and  other 
contributing  environmental  conditions. 

Two  examples  of  radar  images,  obtained  as  a  result  of  COPE 
observations  made  in  1995  by  NOAA/ERL/ETL  are  presented 
in  Fig.  1  (a,  b)  at  the  angles  of  depression  and  a=2.9°, 

respectively,  with  NRCS  (W)  on  the  left ,  and  NRCS  (HH)  on 
the  right  of  each  figure.  The  data  was  collected  on  September 
30,  1995  at  19:58  hrs,  EST;  wind  direction  is  310°;  wind  speed 
is  4.5  m/s  under  stable  surface  conditions.  Surface 
manifestation  of  hydrodynamic  modulation  in  the  presence  of 
internal  waves  and  swell  is  seen  both  at  VV  and  HH 
polarizations.  NRCS  at  HH  (dashed  line)  and  VV  (solid  line) 
along  the  range  of  propagation  R  are  shown  in  Fig.  2  at  a=3.7°. 
These  figures  indicate  that  hydrodynamic-electromagnetic 
interactions  should  be  included  in  a  theoretical  scattering  model 
to  study  the  impact  of  these  effects  on  sea  surface  response. 

THE  SCATTERING  MODEL 

Most  of  the  previous  studies  of  microwave  backscattering 
from  the  ocean  surface  have  been  made  to  obtain  relationships 
between  the  microwave  backscattered  cross  sections  and  the 
parameter  of  the  wind-wave  field.  Though  those  models  have 
been  successful  in  accounting  for  microwave  backscattering 
from  the  ocean  surface  at  middle  incidence,  the  physical 
mechanism  of  backscattering  from  wind-wave  surfaces  still  is 
not  well  understood.  One  of  the  reasons  for  it  is  that  the  two- 
scale  model,  widely  used  for  radar  data  interpretations,  assumes 
the  large-  and  small-scale  roughnesses  to  be  statistically 
independent.  However,  the  fact  that  real  surfaces  have  a 
continuous  spectrum  of  roughness  scales,  with  the  consequence 
that  the  partition  between  short  scales  and  large  scales  has  to  be 
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Fig.  1.  Radar  images  of  NRCS  at  the  angles  of  depression  2°  (on  the  hft)  and  2.9°  (on  the  right)  of  the  figure. 
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Fis.  2.  NRCS  along  the  range  of  observation  at  a=3.7°. 

introduced,  cannot  be  neglected. 

The  general  expressions  for  a  scattering  cross  section 
following  from  the  small-slope  approximation  (SSA)  [6]  have 
been  simplified  recently  for  the  case  of  two-scale  roughness 
[7].  The  results  demonstrate  that  SSA  takes  into  account  the 
effect  of  modulation  of  the  scattering  cross  section  due  to 
small-scale  roughness  by  the  local  slopes  of  a  large-scale 
undulating  surface. 

SEA  SURFACE  DESCRIPTION 

The  main  problem  in  numerical  modeling  of  electromagnetic 
wave  scattering  from  a  wind  roughened  surface  is  the  choice  of 
the  wave  spectrum  and  the  definition  of  the  splitting  frequency 
on  the  basis  of  which  the  roughness  parameters  are  calculated. 
Numerical  calculations  were  carried  out  for  the  JONSWAP 
model  of  the  surface  spectrum  [8],  represented  in  the  form  of 
the  product  of  a  wave  number  spectrum  and  a  frequency- 
dependent  spreading  function  Q(k,  (p)  : 


W{k,(p)  =  [a  /  2)k-*  exp{-1.25(yt  /  +  In  r 


X  exp 


-(Vm 


(1) 


Q{k,(p)  =  [r(l  +  P  /  2)  /  ;r''Y((l  +  p)  /  2)]cos^^(^  -  cp^), 

where  a  =0.0081;  67=0.07,  k<k„  and  67=0.09,  k>k„\ 
k  /g  is  the  wave  number  corresponding  to  the  peak 

frequency  o)„  of  the  spectrum;  g  is  the  acceleration  due  to 
gravity;  y  is  the  peak  enhancement  factor;  <p„,  is  the  angle 
determining  wave  propagation  direction,  with  |  (p-q)^  |  <71/2; 

j0.46(^  /  k>k„ 

\0A6{klk„Y^  p„,  k<k„, 

t/‘  denotes  the  wind  speed  at  a  height  of 
19.5  m;  C„=(g/kJ‘^\  The  friction  velocity  U>  is  introduced  [9]. 

The  variances  m  slope  as  a  function  of  U*  as  well  as  a 
function  of  wind  speed  Uio  were  calculated.  The  theoretical 
slope  variances  from  the  present  scattering  model  versus  wind 
speed  for  along-wind  and  cross-wind  directions  are  integrated 
over  the  wave  numbers  corresponding  to  a  transition  from 
gravity  short  waves  to  capillary  waves  (0.5^As2.5  cm, 
2.5^k:^l2.5  cm‘*\  The  calculated  slope  variances  are  about 
twice  as  large  as  those  inferred  from  the  model  of  Cox  and 
Munk.  One  of  the  examples  of  the  two-dimensional  curvature 
spectrum  (Fig.  3)  demonstrates  the  azimuth  dependence  in  the 
gravity-capillary  and  capillary  regimes  at  w=4  m/s  in  the 
presence  of  the  swell  (Aj  =150  m).  The  short  gravity  waves  are 
the  main  source  of  capillary  waves  via  the  process  of  cresting 
and  breaking. 

In  Fig.  4  the  cross  sections  emphasizing  the  grazing-angle 
dependence  were  calculated  with  the  following  parameters: 
Y=l,  the  dielectric  permittivity  of  sea  water  e  2”  52.44+/39.47 
at  /=10  GHz,  7=20°,  S=35  ppt;  U.=12  cm/s,  HH  -  solid  line, 
VV  -  dashed  line;  azimuth  direction  is  downwind.  These  results 


Fig.  3.  Curvature  spectrum  in  the  presence  of  the  swell 
(A, -150  m). 


Fig.  4.  Cross  sections  (W,  HH)  as  a  function  of  grazing  angle. 


and  others,  calculated  at  higher  of  17  “-23  cm/s  (l/o  ^ 
5-6.5m/s)  produce  quantitative  coincidences  with  SCOPE  and 
COPE  measurements  collected  under  light  winds  due  to  spatial 
anisotropy  of  small-scale  waves  taken  into  account,  and  the 
mean  square  slopes  obtained.  Within  the  limits  of  applicability 
of  the  two-scale  model  the  division  of  the  spectrum  into  large- 
and  small-scale  parts  is  controlled  by  the  limits  of  the  relations 
for  the  roughness  parameters,  and  the  characteristic  radius  of 
the  curvature  of  undulating  surface  (if  taken  into  account).  The 
Rayleigh  parameter  (khy  is  chosen  to  be  less  or  equal  0.1, 
where  is  the  variance  of  the  elevations  of  the  small-scale 
waves  (ripples). 

At  the  low  winds  of  2-3  m/s,  NRCS  calculated  and  observed 
from  SCOPE,  decrease  sharply  and  are  sensitive  to  sea-surface 
temperature  as  well  as  to  the  air-sea  temperature  difference,  that 
was  varied  from  -1°  C  to  -(5-6)°  C  for  some  sets  of  data. 

CONCLUSIONS 

Some  improvement  in  the  agreement  between  theoretical 
cross  sections  and  X-band  radar  observations  is  achieved  by 
using  the  two-scale  model  from  the  point  of  view  of  the  SSA. 
The  expression  of  the  modified  small-scale  spectrum 


demonstrates  a  correlation  between  small-  and  large-scale 
roughness.  The  results  of  the  calculations  allow  us  to  determine 
that  the  influence  of  the  partitioning  of  the  spectrum  turns  out 
to  be  less  significant,  than  the  contribution  of  the  high- 
frequency  part  of  the  spectrum  for  stable  surface  conditions.  In 
radar  probing  a  wind  sea  surface  with  one  general  direction  of 
wave  propagation  (single-mode  wind  waves)  the  azimuth 
variations  of  NRCS  are  explained  primarily  by  the  spatial 
anisotropy  of  the  ripples  for  along-wind  and  cross-wind 
directions,  which  can  be  related  to  the  conditions  of  their 
formation  on  large-scale  surfaces.  At  small  grazing  angles 
under  the  wind  speed  of  3-4.5  m/s,  the  Bragg  scattering 
mechanism  in  the  presence  of  unstable  stratification  and  a  two¬ 
mode  wind-wave  system  (wind  and  swell)  is  being  carried  out 
more  in  detail  to  test  a  portion  of  the  spectrum  probed  by  radar. 
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Abstract  -  Nowadays,  remote  sensing  techniques  from  space 
become  routine  application  to  get  valuable  information  on 
ocean  surface  processes.  Nevertheless,  knowledge  about 
electromagnetic  mechanisms  depending  upon  water  surface 
representation  are  needed  to  properly  interpret  those 
information.  Consequently,  a  reliable  ocean  surface 
description  in  terms  of  wind  wave  vector  spectrum  is 
necessary  to  correctly  model  hydrodynamic  properties  near 
the  water  surface.  This  two-dimensional  spectrum  should 
account  for  long  waves  as  well  as  short  waves.  As  well  known, 
capillary-gravity  waves  play  a  major  role  in  microwave 
scattering.  Thus,  a  reliable  interpretation  of  microwave 
measurements  is  constrained  to  accurate  modeling  of  the 
capillary-gravity  portion  of  the  wind  wave  directional 
spectrum.  Although  gravity  waves  have  been  accurately 
measured  and  properly  modeled  in  the  past,  a  great  effort  is 
still  needed  in  both  measurements  and  modeling  of  short 
waves.  In  spite  of  the  rarity  of  direct  short  wave 
measurements,  one  stiU  can  find  in  the  literature  some 
proposed  ocean  wave  spectra.  Comparison  of  those  spectra  is 
reported,  along  with  remarks  that  may  guide  investigators  who 
are  concerned  with  models  elaboration  of  geophysical 
processes  at  the  air-water  interface. 

INTRODUCTION 

A  reliable  statistical  description  of  wind-generated  surface 
waves  is  of  crucial  interest  to  fully  understand  perpetual 
motions  and  exchanges  at  the  air-sea  interface.  Satellite 
surveillance,  engineering  design  of  marine  vessels,  wave 
forecasting,  atmosphere-ocean  interactions,  are  basic  field 
applications  of  directional  wind  wave  spectra.  Among 
statistical  description,  spectral  formulation  is  generally 
privileged. 

SpecUal  representation  of  the  wind  driven  surface  waves 
separates  nowadays  scientists  into  two  major  schools  of 
thoughts:  the  first  school  challenges  the  (4)  spectral  slope  and 
its  wind  independent  saturation  range  pioneered  by  Phillips,  in 
1958;  e.g.,  Toba  [20],  Kitaigorodskii  et  al.  [12],  and  finally 
Phillips  [15].  The  second  school  is  formed  by  ones  who  still 
use  Phillips’  spectral  form  (k-4);  e.g..  Banner  [3],  and  Apel 
[1].  However,  for  most  of  these  authors  the  spectral 
equilibrium  range  may  also  be  wind  speed  dependent. 

Spectral  shape  of  long  waves  has  been  correctly  measured 
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and  modeled  in  the  past.  While,  in  contrast,  behavior  of  small 
waves  (-centimeter  wavelength)  is  still  under  refinement. 
Sparsity  of  short-wave  measurements  is  mainly  caused  by  the 
difficulty  to  measure  slope  and  curvature  of  the  water  surface 
while  measuring  elevation  of  waves  still  relatively  much 
easier.  To  measure  the  displacement  spatial  spectrum.  Barber 
[4]  developed  a  technique  using  array  of  vertical  probes.  To 
date,  slope  measurements  have  been  made  either  by  observing 
sun  glitter  over  the  water  surface  Cox  and  Munk  [8]  (C&M 
hereinafter)  or  by  new  techniques  based  upon  advanced 
technologies  such  as  scanning  laser  probes  and 
stereophotography  ([19][11]). 

We  will  select,  from  the  myriad  of  wind-wave  spectra 
offered  by  the  literature,  spectra  that  describe  both  short  and 
long  waves  in  a  large  range  of  wind  speeds.  In  general,  spectra 
are  divided  into  two  categories.  The  physically  based  spectra 
and  the  empirically  based  spectra.  In  the  first  category,  we  will 
present  the  composite  Bjerkaas  and  Riedel  [5]  model,  and  the 
well  known  spectrum  of  Donelan  and  Pierson  [10].  In  the 
second  category,  we  will  present  the  empirical  Rodriguez  et  al. 
[18]  spectrum  and  the  one  derived  by  Apel  [1].  Those  names 
will  be  abbreviated  hereinafter  by,  B&R,  D&P,  R-n,  and  A. 
respectively.  A  brief  description  of  all  those  spectra  is  given. 

REVIEW  OF  WAVE  SPECTRA 
1-  Bjerkaas  and  Riedel  specfrum 

The  Bjerkaas  and  Riedel  spectrum  [5]  (B&R)  is  widely 
used  in  the  literature  especially  for  its  ability  to  satisfy  most  of 
available  surface  displacement  measurements  based  on  open 
ocean  data  for  low  frequencies  and  wind-wave  tank  data  for 
high  frequencies.  This  spectrum  and  its  subsequent  versions 
are  defined  in  four  wavenumber  ranges.  The  first  spectral 
range  near  the  spectral  peak  of  gravity  waves  corresponds  to 
the  Pierson-Moskowitz  spectrum.  Gravity  and  short  gravity 
waves  are  from  Pierson  [16]  while  small  gravity  to  gravity¬ 
capillary  waves  are  from  Kitaigorodskii  [13]  and  Leykin- 
Rosenberg  [14].  Finally,  the  c^illary  wave  range  is  modeled 
by  means  of  the  slope  spectra  measured  by  Cox  [7].  B&R  have 
gathered  all  these  chunks  of  spectra  to  form  their  “mosaic” 
spectrum  by  adjusting  different  arbitrary  constants  to  match 
curves  at  the  disconnection  limits.  The  major  drawback  of  this 
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spectrum  is  the  great  number  of  tuning  parameters  needed  to 
connect  together  spectra  which  are  themselves  already  fitted 
to  uncertain  data.  In  addition,  only  close  to  fully-developed 
sea  conditions  can  be  reproduced  with  these  spectra.  Fig.l 
shows  the  omni-directional  curvature  spectrum  of  B&R  for 
10  m/s  wind  speed.  The  gravity-capillary  secondary  peak  is 
located  at  1.7  cm.  Fig .2  compares  inferred  and  measured 
mean  square  slopes  (mss)  for  clean  and  slick  surfaces  from 
B&R  and  C&M,  respectively. 

2-  Donelan  and  Pierson  Spectrum. 

In  this  advanced  model  [10]  (D&P),  the  equilibrium  range 
spectrum  is  divided  into  two  parts.  A  gravity  wave  part  which 
is  derived  from  the  JONSWAP  formulation  [9],  and  a  short 
wave  part  where  wind  input  is  balanced  by  local  dissipation: 
viscous  damping  and  breaking  losses.  In  this  latter  part,  wave- 
wave  interactions  are  thus  assumed  to  be  negligible.  Fig.l 
shows  the  omni-directional  curvature  spectrum  of  D&P  for 
10  m/s  wind  speed.  Fig.2  compares  inferred  and  measured 
mean  square  slopes  for  clean  and  slick  surfaces  from  D&P 
and  C&M,  respectively. 

3-  Rodriguez  et  al.  spectrum 

To  assess  the  effect  of  hydrodynamic  modulation  of  small 
waves  by  large  waves  Rodriguez  et  al.  [18]  (R+)  developed  an 
idealized  omni-directional  full  wavenumber  spectrum  that 
respects,  on  one  hand,  the  k-2.5  spectral  decay  with  a  linear 


Figure  1:  shows  comparison  betweenfour  widely  used  cur¬ 
vature  spectra.  The  wind  speed  is  10  mis.  B&R  (solid), 
D&P  (dashed-dotted),  R-¥  (crosses),  and  A.  (dashed)  have 
gravity-capillary  waves  at  1.7  cm,  11  cm,  4  cm,  0.8  cm, 
respectively. 


increase  of  the  spectral  strength  with  wind  speed,  and  on  the 
other  hand,  the  total  mean  square  slope.  This  kind  of  approach 
aims  to  retain  key  features  of  the  ocean  surface  observed  at 
nadir  incidence,  since  altimeter  returns  are  dominated  by  the 
slopes  of  the  surface  filtered  up  to  certain  wavelength 
dependent  on  electromagnetic  frequency.  Fig.l  shows  the 
omni-directional  curvature  spectrum  of  R+  for  10  m/s  wind 
speed.  The  gravity-capillary  secondary  peak  is  located  at 
4  cm.  Fig.2  compares  inferred  and  measured  mean  square 
slopes  for  clean  and  slick  surfaces  from  R+  and  C&M, 
respectively. 

4-  Apel  spectrum 

Apel  [1]  (A.)  built  up  a  full  spectral  model  to  be  the  bare  for 
electromagnetic  computations.  This  analytical  ‘improved’ 
spectrum  is  supposed  to  be  valid  across  the  entire  range  of 
ocean  waves.  It  gathers  together  spectral  branches  already 
modeled  by  many  investigators  and  integrates  new  laboratory 
data  especially  in  the  gravity-capillary  wave  region.  The 
author  called  his  spectrum  the  “Donelan-Banner-Jahne” 
spectrum  because  of  the  spreading  function  made  up  to  match 
the  one  from  Donelan,  the  omni-directional  spectral  slope  to 
be  (-4)  from  Banner,  and  finally  the  saturation  spectral  level  of 
the  secondary  gravity-capillary  peak  at  750  rd/m  from 
laboratory  measurement  of  Jahne  and  colleagues  (e.g.  [11]). 
Fig.l  shows  the  omni-directional  curvature  spectrum  of  A.  for 
10  m/s  wind  speed.  The  gravity-capillary  secondary  peak  is 
located  at  0.8  cm.  Fig,2  compares  inferred  and  measured 
mean  square  slopes  for  clean  and  slick  surfaces  from  A.  and 


Figure  2:  depicts  measured  mean  square  slopes  from  C&M 
for  both  clean  and  slick  surfaces  versus  inferred  mss  from 
the  four  spectra.  B&R  (solid),  D&P  (dashed-doted),  /?+ 
(dotted),  and  A.  (Dashed). 
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C&M,  respectively. 

DISCUSSION 

The  shape  of  surface  wave  spectra  is  still  under 
investigations  due  to  the  absence  of  a  unified  universal  form. 
Fig.l  illustrates  how  much  the  spectra  presented  above  differ. 
Huge  differences  exist  between  these  spectra  and 
unfortunately,  there  are  still  some  other  ones  in  the  literature 
that  exhibit  similar  divergence. 

Weaknesses  of  each  spectrum  presented  above  can  be  stated 
as  follows;  (1)  B&R  is  dependent  on  too  many  arbitrary 
constants  of  segment  matching  and  level  adjustments  which 
make  its  use  very  limited.  (2)  Although  D&P  seems  to  be  well 
constructed  for  the  long  waves,  short  wave  branch  is 
questionable.  As  a  matter  of  fact,  D&P  overestimates  mean 
square  slopes  by  a  factor  of  1.7  compared  to  C&M  optical 
measurements  (Fig.2).  The  total  mean-square  slope  is  highly 
sensitive  to  the  shape  of  the  spectral  tail.  Shemdin  and  Hwang 
[19]  showed  discrepancies  with  the  D&P  spectral  tail  by 
measuring  slope  frequency  spectra  up  to  300  Hz  with  a  laser- 
optical  sensor.  They  found  that  D&P  has  an  early  sharp 
spectral  cutoff  at  frequencies  higher  than  8Hz  which  was  not 
substantiated  by  their  TOWARD  and  MARSEN  observations. 
(3)  R+  spectrum  is  the  most  simplified  one.  His  author  built  it 
up  to  simplify  altimetry  EM  bias  calculations.  A  slope 
variance  criteria  is  of  crucial  importance  to  ensure  that 
scattering  models  reproduce  altimeter  returns.  Although,  R+ 
satisfies  the  total  slope  variance,  it  doesn’t  for  partial 
integration  of  the  slope  spectrum.  In  fact,  altimeter  renuTis 
have  been  shown  to  be  inversely  proportional  to  the  filtered 
and  not  the  total  variance  [6].  Moreover,  this  spectrum  is  not 
adequate  to  fetch  effect  analyses  on  the  water  surface  since  it 
roughly  describes  the  spectrum  around  the  spectral  peak.  (4) 
Finally,  A.  is  a  relatively  simple  algebraic  form  that  uses  the 
long  wave  spectrum  of  Donelan,  data  and  spectral  shape  of 
Banner  and  measurements  for  gravity-capillary  waves  of 
Jahne  and  colleagues.  Gravity-capillary  secondary  peak  was 
misplaced  by  A.  to  lie  around  0.8  cm  rather  than  1.7  cm  as 
Apel  should  have  concluded  from  Jahne  and  colleagues 
optical  data.  These  gravity-capillary  waves  have  a  minimum 
phase  speed  and  correspond  to  rapid  growth. 

CONCLUSION 

The  presented  above  spectra  are  widely  used  in  the 
literature.  As  discussed,  most  of  the  integrated  variables 
criteria  are  not  satisfied  by  those  spectra.  Among  others,  the 
total  mean-square  slope  exceed  the  Plant’s  limit 
2  X  (0.04  ±  0.02) .  Based  on  this  review,  we  developed  a 
“unified  directional  spectrum  for  long  and  short  wind-driven 
waves"  (Tech.  Rep.  DROS/OS/96-2,  pp  1-30)  which  takes 
advantage  of  all  reliable  information  from  the  former  spectra 


and  new  measurements  in  the  high  frequency  part  of  the 
wavenumber  domain.  In  particular,  wave-induced  stress 
computation  is  shown  to  be  more  reliable  from  such  a 
spectrum,  which  tend  to  prove  that  mss  parameter  is  of  crucial 
importance. 
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ABSTRACT 

The  evolution  of  gravity  surface  waves  of  finite  amplitude 
on  a  localized  two-dimensional  inhomogeneous  current  is 
investigated.  A  model  equation  describing  the  variation  of 
surface  wave  amplitude  has  been  derived  and  solved 
numerically.  The  time  evolution  of  a  two-dimensional 
pattern  of  surface  waves  amplitude,  when  the 
inhomogeneous  current  arises  at  a  certain  moment  of  time  is 
investigated.  It  is  shown,  that  even  a  relatively  weak 
inhomogeneous  current  modifies  appreciably  the  regime  of 
surface  waves  long-wave  instability  develop.  With  increasing 
time  the  maximum  amplitudes  of  surface  waves  at  first 
increase,  and  then  run  into  constant  values,  but  the  surface 
anomaly  structure  still  continues  to  grow  in  complexity.  The 
dependence  of  surface  wave  field  evolution  on  the  amplitude, 
wave-length  and  propagation  direction  of  surface  waves  is 
investigated. 


INTRODUCTION 

Much  attention  is  given  recently  to  research  of  nonlinear 
gravitat  surface  waves  evolution  [I].  At  the  same  time  the 
transformation  of  surface  wave  in  a  field  of  non-uniform 
currents  is  usually  considered  in  linear  approximation  for 
surface  waves  [2].  This  work  deals  with  transformation  of 
nonlinear  surface  waves  in  a  field  of  various  inhomogeneous 
currents  on  the  basis  of  a  model  equation. 

FORMULATION  OF  A  PROBLEM.  BASIC  EQUATIONS. 

The  evolution  of  nonlinear  surface  waves  propagating 
against  a  current  -Vxq  on  weak  perturbation  of  the  current 

u  is  considered.  It  is  assumed,  that  characteristic  scales  of 
u  non-uniformity  (  vertical  and  horizontal  near  a  surface) 


are  much  larger,  than  the  scattered  surface  wave  length. 
Then  w  is  considered  as  fiinction  only  of  horizontal 
coordinates  and  it  is  possible  to  write  dispersion  relation 
[1,3]: 

[n  -  +  u(x,  y,  ^))]  =  gk^l  +  (1), 

where  n  ,  k  and  a  -frequency,  wave  vector  and  amplitude 
of  surface  wave.  We  shall  consider  evolution  of  the  most 
effective  scattering  by  inhomogeneous  flow  surface  waves, 
whose  group  speed  is  close  to  V ,  and  wave  vector, 

accordingly,  to  k  =  g! .  Assuming  |w|  «  V  , 

we  expand  (1)  in  a  power  series  of  small  perturbation  of  the 

wave  vector  k  in  the  inhomogeneous  flow  k  =  Kx^  +  k  : 

n  =  \  +  v^{x^y,i)- /4  +  Py^  /  2  +  a^  /4  (2), 

where  n=nl{k^V^,  v^^u^iV ,  p^-k^lk^, 

Py=ky/k*,  a  =  laK .  It  was  assumed  when  obtaining  (2), 

that  ^  Pj^^,Py^ .  Using  (2)  one  can  write  down  the 

model  equation  for  complex  amplitude  of  surface  waves  field 
A  : 


-2 


<9^A 


+  \A\^A  +  4v^{x,yj)A-:^0  (3), 


where  7  =  kA^t ,  x  -  Kx ,  y  =  k^y .  The  behaviour  of 

nonlinear  surface  waves  envelope  on  the  basis  of  a  equation 
(3)  without  last  term  related  to  perturbation  of  current,  is  in 
detail  considered  in  work  [1].  In  it,  in  particular,  diagram  of 
the  homogeneous  solution  stability  in  two  dimensions  is 
indicated,  which  in  many  respects  determines  character  of 
surface  waves  transformation  on  non-uniform  current. 


RESULTS  OF  NUMERICAL  CALCULATIONS. 


^  The  work  was  suppoted  by  Russian  Fund  of  Fundamental  Investigation  (code  No  96-05-65128) 
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The  time  evolution  of  the  initially  homogeneous  wave 
field  when  the  current  perturbation  arises  at  a  moment  of 
time  i  =  0  is  investigated  in  given  work  in  framework  (3). 
First  we  shall  consider  one-dimensional  inhomogeneous  flow 
Vj^=v^(x),  and  then  -  two-dimensonal  inhomogeneous 

localized  flow  v^.  =  . 

One-dimensional  perturbation  of  current. 

The  first  case  corresponds  to  transformation  of  surface 
waves  in  a  field  of  an  internal  wave,  speed  of  propagation  of 
which  equals  V  and  dimensionless  amplitude  -  max(|v^|). 

We  shall  write  in  the  following  form  =  Vq  cos(^)  , 
where  q  -  dimensionless  wave  number  of  an  internal  wave. 
A  large  difference  of  scales  is  typycal  for  internal  waves  and 
surface  waves  being  in  synchronism  with  them. 
Dimensionless  length  of  internal  wave  in  calculations  was 
equal  to  4096.  Weak  internal  waves  with  dimensionless 
amplitude  equal  to  0.01  were  selected.  At  the  initial  stage  of 
surface  anomaly  development  transformation  of  linear  and 
nonlinear  surface  waves  is  similar  (so  at 
^0  =  |^|(^  =  o)  =  0.1  up  to  ?  »  4000 ).  At  large  7  for 

nonlinear  surface  waves  in  the  dependence  |^|  on  x  at  the 

background  of  large-scale  variability  (  with  characteristic 
scale  of  internal  wavelength)  there  is  reasonably  small-scale 
variability  (Fig.  1),  which  at  i  >  6000  (  for  ) 

determines  the  kind  |^|(3c) .  In  this  case  value 

K  =  (max(|^|)  -  min(|^|))  /  Aq  quickly  grows.  The  instability 

of  surface  waves  envelope,  causing  the  small-scale  variability 
|^|(x)  in  the  absence  of  a  internal  wave  is  not  developed  at 

such  values  of  ? .  As  growth  of  instability  of  surface  waves 
envelope  on  scales  of  internal  waves  is  small,  the  action  of 
nonlinearity  of  surface  waves  does  not  result  in  significant 
amplification  of  modulation  \A\  with  scale  of  internal  waves. 

However  the  transformation  of  surface  waves  in  a  field  of  an 
internal  one  results  in  development  of  smaller-scale 


Fig.l.  The  dependence  of  |^|  from  x  in  field  of  internal 

wave  at  =0.1,^  =  2;r/ 4096,  Vq=0.01,  t=5000. 


instability.  The  time  of  output  |^|(x)  on  a  stage  of  small- 
scale  variability  is  sharply  reduced  at  the  increase  Aq  .  So  at 
Aq  =  0.2  it  yields  1200. 

We  shall  note,  that  occurrence  of  small-scale  dependence 
|vl|(x)  for  linear  surface  waves  at  f  >  16000  is  also 

observed,  which  is  due  to  non-isochronious  movement  of 
surface  wave  packets  captured  by  internal  wave  [4] .  Here  X 
reaches  values  essentially  large  than  for  nonlinear  surface 
waves  at  all  values  of  7 .  That  will  lead  first  of  all  to 
occurrence  of  scales  |^|(5^)  smaller  than  lengths  of  an 

internal  wave:  non-isochronious  movement  of  captured 
surface  wave  packets  or  the  development  of  instability  of 
surface  waves  envelope  in  a  field  of  an  internal  wave, 
depends  on  a  ratio  of  parameters  Vg  and  Aq  . 

Two-dimensional  perturbation  of  current. 

In  the  two-dimensional  non-uniform  case  flow  on  a 
surface  fi-om  dipole,  oriented  along  the  axis  x  and  located  at 
a  depth  h  was  chosen  as  current  perturbation: 

23c^  -y^  -h^ 

where  c  is  the  dipole  power,  h=k»h.  The  following  values 
are  taken  in  calculations:  c  =  10 ,  /?  =  10 ,  the  calculations 
were  executed  in  a  square  with  the  sizes  1024  xl024  of 
dimensionless  units  x  and  y  .  The  behaviour  of  linear 
surface  waves  in  a  field  of  similar  perturbation  of  current  is 
considered  in  [5].  At  a  the  initial  stage  a  spatial  structure  of 
fields  |./4|(5c,5?)  for  nonlinear  surface  waves  is  the  same  as  in 

the  linear  case.  For  p^{t  =  =  =  Py{t  =  o)  =  /?°  =  0 

there  are  prefferatle  directions,  making  an  angle  the  axis  x 
+55° .  The  speed  of  increase  K  for  linear  surface  waves  at 
7  >  120  decreases  and  at  i  >  600  K  is  established  at  a 
level  0.9.  The  speed  of  increase  K  for  the  nonlinear  surface 
waves  is  conserved  up  to  the  large  values  t  .  So  at  ^  ^ 

the  speed  of  increase  K  is  saved  up  to  t  =  350  and  K  by 
this  becomes  value  1.7.  In  the  latter  case  at  t  >600  a 
picture  of  space  distribution  becomes  complicated  \A^  (Fig.  2) 

and  fast  increase  of  value  K  is  observed,  which  at  i  >  800 
is  established  at  a  level  2.5  Speed  of  expansion  of  the  region, 
where  there  is  surface  anomaly,  also  grows.  Up  to  this 
moment  of  time  it  was  practically  constant  and  close  to  speed 
of  expansion  of  the  surface  anomaly  region  for  linear  surface 
waves.  Probably,  modulation  |yl|  which  occurc  as  a  result  of 

transformation  on  non-uniform  current  results  in  fast 
development  of  Benjamin-Feir  instability  of  surface  wave 
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Fig.2.  Spatial  distibution  of  |^|  at  c  =  10 ,  /^  =  10 ,  =  1.7  ,  Fig.3.  Spatial  distibution  of  |^|  at  c  =  10 ,  /z  =  10 ,  =  1.7 , 


?  =  900 . 


7  =  1500. 


envelope.  In  this  case  the  increase  of  variability  \a\  scales 
with  time  of  scales  ofon  a  non-uniform  flow  provides  their 
reaching  the  area  of  maximum  growth.  The  field  |^|  for  case 

of  nonlinear  surface  waves  becomes  more  complicated  with 
time  (fig.  3  ).  The  non-uniformity  scales  of  the  fields  A 
decrease,  and  higher  derivative  on  x  and  y  should  be 
taken  into  account  in  (3)  for  correct  calculations. 

The  time  of  development  of  instability  of  surface  wave 
envelope  and  occurrence  of  significant  contrasts  in  surface 
anomaly  decreases  for  increased  Aq  ,so  at  Aq  =  0.2  it  is  less 
than  400. 

Essential  reduction  of  max(i^)  at  the  deviation  of  and 
Py  from  zero  is  characteristic  for  transformation  of  linear 
surface  waves.  Calculations  show  for  nonlinear  surface 
waves  at  the  reasonably  large  values  Aq  that  difference  p^ 

and  Py  from  zero  within  the  applicability  limits  of  (3) 
iPxyPy  ^^1)  results  in  some  change  of  a  structure  of  fields 
>  t)ut  the  value  of  max(ir)  and  sizes  of  the  surface 
anomaly  area  are  weakly  dependet  on  it. 
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ABSTRACT 

In  this  paper,  we  comment  some  simulations  of  the  SAR 
imaging  process  obtained  by  using,  firstly  the  complete 
nonlinear  transform  (i.e.  the  velocity  bunching),  and  sec¬ 
ondly  its  second  order  approximation  (i.e.  a  second  order 
Volterra  model),  in  order  to  study  the  quadratic  nonlinear 
interaction  strength  and  localization  and  to  compare  with 
results  obtained  on  ERS-1  images. 

1.  INTRODUCTION 

The  first  part  of  this  paper  is  devoted  to  a  brief  back¬ 
ground  on  nonlinearity  detection  with  the  bispectrum. 
The  second  part  develops  the  Second  Order  Volterra  Model 
(SOVM)  for  the  Velocity  Bunching.  Some  results  about 
the  quadratic  nonlinearity  detection  over  the  exact  Veloc¬ 
ity  Bunching  and  over  its  closed  version  are  related  in  the 
third  part  and  general  conclusions  are  drawn  in  the  last 
section. 

2.  BACKGROUND  ON  NONLINEARITIES 
DETECTION  USING  THE  BISPECTRUM 

The  third  order  spectrum  or  bispectrum,  which  can  be  de¬ 
fined  as  the  mathematical  DPT  coefficients  expectation, 

B{kuk2)=E{X(k^).X{k2).X*{ki^k2)}  (1) 

allows  the  quadratic  nonlinearities  detection.  For  in¬ 
stance,  if  we  consider  the  following  signal 

A'(i)  =  Ai.  cos(A:i  .^  +  <^i)  +  A2^cos{k2>i  +  <^2) 

-I-  A3.cos((A:i  +  k2).i  +  <Pi  A  ^2) 

-\r  B .  cos{(ki  +  k2) .i (^3)  +  N (i)  (2) 

where  <^dt=i,2,3  are  random  phases  and  N(i)  a  gaussian 
noise,  only  the  bispectrum  of  the  part  in  pnase  coupling 
(i.e.  the  first  three  sinusoids)  is  non  null,  whereas  the 
bispectrum  of  the  non  phase  coupled  signal  (the  first  two 
sinusoids  and  the  last  one)  is  null.  The  phase  coupling 
detection  is  relevant  for  the  SOVM  model  which  is  divided 
into  two  parallel  paths,  a  linear  one  and  a  quadratic  one  as 
described  on  Fig  1.  The  SOVM  output  signal  is  composed 
of  waves  in  phase  coupling  provided  by  each  path  (see 
[1]  and  [4]).  The  energy  part  in  phase  coupling  can  be 


quantified  by  using  the  bicoherence  defined  by  (see  [1]  ) 

P{ki ,  k2)  =  (3) 

s/S{ki).S{k2).S(ki+k2) 

For  instance,  the  bicoherence  P(A:i,A:2)  is  equal,  for  the 
signal  of  (2),  to  .  However  the  information  ex- 

traction  from  the  bicoherence  (which  is  a  4D  structure  for 
2D  signals)  is  rather  difficult.  The  cross  variable  bicoher¬ 
ence  table  introduced  in  [5]  and  defined  by 

TRA{klkl)  =  EE  P\kl,klkl,kl)  (4) 

u2  u2 

can  be  seen,  for  a  given  wavelength  k  =  {kx,ky),  as 
the  ratio  between  the  nonlinear  "’interaction”  energy  part 
(provided  by  all  original  spectrum  interactions).  This  sta¬ 
tistical  tool  has  been  demonstrated  to  be  very  useful  for 
SOVM  quadratic  nonlinearity  detection  [4].  In  order  to 
understand  results  already  obtained  on  ERS-1  images  we 
have  firtsly  derived  the  VB  second  order  approximation. 

3.  SECOND  ORDER  VOLTERRA 
MODELING. 

The  DFT  coefficients  of  an  ocean  SAR  image  can  be  ex¬ 
pressed  as  a  function  of  the  RAR  modulation  [2]  [3]: 

X‘“^’-(k)  =  ^(1  +  *  ‘  (5) 

i  describing  a  predefined  sampled  area  of  the  sea  sur¬ 
face  A,  ^  =  R/V,  and  v{i)  the  wave  orbital  velocity.  The 
RAR  modulation  and  the  displacement  are  linearly  de¬ 
rived  from  the  sea  surface  DFT  coefficients.  The  Volterra 


Figure  1:  Second  Order  Volterra  Model 
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series  decomposition  assumes  to  expend  the  exponential 
of  (5)  over  the  Taylor  series. 

+  0O 

n— 0 


The  second  term  of  the  expansion  is  equal  to  : 


^2^  {h  — 


2! 


2! 


(7) 


Where  Vki  denotes  the  DFT  coefficients  of  the  orbital 
velocity,  and  Ylki  summation  over  the  spectrum 

support.  For  a  finite  bandwidth  spectrum  (as  we  can 
approximate  the  sea  surface  spectrum,  and  consequently 
the  displacement  spectrum),  i.e.  €{ki)  0  if  ^  5, 

it  is  well-known  that  ’’constructive”  interactions  are  cen¬ 
tered  around  twice  the  central  peak  frequency  of  the  orig¬ 
inal  spectrum  and  ’’destructive”  interactions  are  located 
around  the  continuous  component  (see  [4]).  In  this  case, 
when  the  quadratic  part  and  the  linear  one  are  separated 
in  frequency,  we  use  the  term  quadratic  spectrum  and  lin¬ 
ear  spectrum.  Moreover  the  second  order  term  is  not  the 
only  one  to  strongly  contribute  to  the  quadratic  interac¬ 
tions.  As  a  matter  of  fact,  by  considering  the  fourth  order 
interactions. 


ki  k2  ks  k^  (8) 

and  if  we  assume  ks  =  ~k4  then  the  inter  at  ions  are: 

1  1^,|2  ^  Y  .5.,  -  (9) 

fci  ko 


4! 


with  M(^3)P  =  y?  •  Let  note  that  p^E{V^}  = 
where  pdd{^)  is  the  autocorrelation  function  of  the  dis¬ 
placement.  (3)  takes  into  account  the  number  of  possible 
combinations.  The  fourth  order  interactions  are,  in  this 
case,  ’’degenerated”  into  quadratic  interactions.  All  even 
order  interactions  contribute  to  the  quadratic  interactions 
and  it  is  easy  to  verify  that: 


ki  k2 


;  (10) 


The  quadratic  interaction  DFT  coefficient  part,  for  a 
given  wavelength  due  only  to  the  velocity  interactions 
is  equal  to: 


^dT(k)  =  <7(fcx,  V.)^D(Al).D(fc-  (11) 

fel 


Where  Ck  is  the  DFT  coefficients  of  the  ocean  surface, 
D{k)  the  linear  transfer  function  between  the  sea  surface 
and  the  orbital  velocity,  with: 


j-00 

p=l 


(p+l)!(p-l)!  2P-1 


(12) 


The  velocity  interactions  are  not  the  only  ones  because  as 
it  can  be  seen  in  (5),  quadratic  interactions  can  occur  be¬ 
tween  the  RAR  modulation  and  the  velocity.  For  instance 
the  quadratic  term  is: 

As  for  the  velocity- velocity  interactions,  higher  order  non- 
linearities  interfere  in  the  quadratic  nonlinearity 


kx)  — 


{—jkxPY 

3! 


.V^{i)  : 


{~jkxP)^ 


3! 


•EEEE 


ki  k2  k^ 


Two  cases  must  be  distinguished.  Either  -k^  =  ki  or 
kj  =  ki  with  i,j  =  (1,2,3),  i.e  either  there  is  a  RAR  modulation- 
velocity  interaction  or  a  velocity- velocity  interaction.  So 
by  summation  over  all  the  nonlinearities  we  obtain  that 
the  Fourier  coefficient  part  due  to  this  interaction  is  : 


Xh7(k)  =  hi  (ks,  Vs,RVs)  Y  Diki  ).Dik  -  ki).lk,  .h-kr 

ki 

+  h2  {ka,,V,)  Y^(hi)  .M''“^(fc  -  /=!  ).£i, 


(15) 


with 


-f  00 


L  /I  T/  (jkxP)'^^  ^  Vs^  ‘  D 

hi{k.,v.,Rv.)  =  Y  2P-2 

p=i 


(16) 


-f  00 

h2{k^,Vs)  =  Y 

p=l 


jjkxPfP-^ 

2P-2  (p+i)!(p_i)! 


(17) 


With  ^(A)3).M^^^(A:3)  =  RV^  and  pE{RV^}  =  p%^^(0) 

where  PRd(^}  is  the  cross  correlation  between  the  RAR 
modulation  and  the  SAR  displacenent. 

An  important  remark  is  that  these  ’’modulations”  are  high 
pass  filters  and  consequently,  nonlinearities  are  strongly 
attenuated  near  the  range  axis.  Moreover  as  all  spectrum 
components,  they  are  also  attenuated,  for  components  far 
from  this  range  axis,  due  to  the  azimuth  smearing.  The 
SOVM  ’’linear”  part  is  in  fact  the  more  difficult  to  sim¬ 
ulate,  because  two  competitive  phenomena  are  involved 
for  the  linear  spectrum  components.  Higher  order  non- 
linearities  infer  in  the  transfer  function  between  the  sea 
spectrum  and  the  SAR  spectrum  linear  part,  but  also, 
aliasing  due  to  ’’constructive”  interactions,  the  frequency 
of  which  being  greater  than  twice  the  frequency  sampling 
can  be  located  over  the  ’’linear”  spectrum  components. 
We  found  that  a  good  approximation  is  to  identify  the 
SOVM  linear  part  to  the  classical  modulations  (RAR  and 
Velocity  Bunching).  In  order  to  study  such  a  model  we 
have  made  some  SAR  simulations  and  SOVM  simulations 
to  compare  them. 


4.  SECOND  ORDER  VOLTERRA  MODEL 
VALIDATION. 

We  have  first  simulated  a  sea  surface  using  the  JONS  WAP 
spectrum  and  therefore  a  SAR  image  as  described  in  [6]. 
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Figure  2:  Velocity  Bunghing  Bicoherence  Table 


Figure  3:  SOVM  Bicoherence  Table 


In  our  simulations,  the  significant  wave  height  Hs^  the 
wind  speed  and  the  wave  propagation  angle  have  been 
varied  whereas  the  peak  spectrum  wavelength  has  been 
fixed  to  200m.  The  spectrum  and  bispectrum  have  been 
estimated  by  averaging  over  sixty  four  independent  sig¬ 
nal  realizations.  The  fitting  of  the  SOVM  spectrum  and 
the  SAR  one  is  rather  good  for  low  Hs,  but  the  SOVM 
linear  part  spectrum  is  also  well  fitted  (we  found  also 
that  in  every  case  the  velocity-velocity  interactions  are 
stronger  than  the  RAR  modulation-displacement  inter¬ 
actions).  For  intermediate  Hs  the  SOVM  provides  better 
results  than  the  linear  part,  and  both  are  unfitted  for  high 
Hs  (due  to  the  higher  order  nonlinearities).  The  SOVM 
and  VB  bicoherence  tables  are  very  similar  (an  example 
of  these  tables  is  given  for  the  complete  VB,  the  SOVM 
and  the  SOVM  linear  part  in  Fig  2-4  ),  proving  that  the 
quadratic  nonlinearities  can  be  detected  in  the  process 
of  the  ocean  surface  and  are  not  completely  blurred  by 
higher  order  nonlinearities,  for  realistic  Hs.  As  already 
said,  the  quadratic  nonlinearities  are  pass-band  filtered 
and  an  unexpected  result  is  that  ’’destructive”  interac¬ 
tions  are  located  in  the  band  when  the  waves  travel  in 
the  range  direction,  providing  higher  nonlinearity  rate  in 
this  case  than  when  the  waves  travel  in  other  directions. 
For  instance  the  high  nonlinearity  rates  in  Fig  2-4  (i.e. 
the  darker  parts)  are  located  in  the  range  direction  (these 


Figure  4:  Linear  Part  Bicoherence  Table 


wave  having  quadratically  interacted)  and  in  the  azimuth 
direction  where  the  waves  have  been  generated  by  inter¬ 
actions  (as  expected,  even  if  the  linear  part  can  provide 
a  rather  good  spectrum  approximation,  it  can  not  give  so 
good  results  for  the  bispectrum). 

5.  CONCLUSIONS 

As  seen  in  the  previous  section,  the  highest  nonlinearity 
rates  occur  for  waves  propagating  in  the  range  direction. 
For  other  wave  propagation  directions,  ’’constructive”  in¬ 
teractions  have  been  removed  by  the  azimuth  smearing 
and  the  ’’destructive”  interactions  have  been  widely  atten¬ 
uated  by  the  high  pass  filtering  inherent  to  the  quadratic 
interactions.  However  if  the  Hs  becomes  too  high,  the 
destructive  interactions  become  sufficiently  strong  to  re¬ 
main,  meanwhile  the  original  spectrum  is  filtered  by  the 
azimuth  smearing.  Some  other  phenomena  must  be  also 
taken  into  account  for  a  complete  study  such  as  aliasing 
and  speckel  noise  effects  which  will  be  included  in  the  next 
set  of  simulations.  Moreover,  and  it  is  for  us  the  prime 
point,  the  results  of  these  simulations  agree  with  the  ones 
obtained  on  ERS-1  images  [4]  where  we  have  verified  that 
the  highest  nonlinearity  rates  were  for  waves  traveling  in 
the  range  direction. 
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Abstract 

The  problem  of  electromagnetic  scattering  from  a  ran¬ 
domly  rough  surface  is  analyzed  using  the  Kirchhoff  approxi¬ 
mation  (stationnary  phase y  scalar  approximation) ,  the  small 
perturbation  model  and  the  two-scale  model.  We  show  that 
physical  and  geometrical  optics  approximation  can  be  used 
for  rough  sea  surface.  A  small  perturbation  model  gives  a  sat¬ 
isfactory  solution.  Unfortunately,  it  only  applies  to  smooth  sea 
surface.  Therefore,  these  methods  have  been  shown  to  be  lim¬ 
ited  in  their  regions  of  validity  [1][2]. 

Comparisons  between  the  numerical  calculations  and  the 
models  are  made  for  various  surface  rms  height  and  correla¬ 
tion  length  both  normalized  to  the  incident  wave  number 
{denoted  by  ko  and  kLy  respectively).  The  two-scale  model 
proposed  in  this  paper  is  the  method  trying  to  conciliate  the 
two  previous  aspects.  One  application  is  made  in  the  ocean 
surface  case.  A  set  of  experimental  data,  describing  simulta¬ 
neous  bistatic  radar  cross  section  and  forward  radar  cross  sec¬ 
tion  measurements  of  sea  clutter  taken  with  a  moderately  high 
resolution  X-band  scatterometer  system  operating  near  graz¬ 
ing  incidence  for  both  horizontal  and  vertical  polarizations 
over  a  range  of  low  grazing  bistatic  angles,  is  used  but  not 
presented  in  this  paper  to  examine  the  applicability  of  bistatic 
scattering  models. 


INTRODUCTION 

Accurate  prediction  of  the  performance  of  a  radar  system 
depends  upon  accurate  models  of  not  only  the  target  and  radar, 
but  also  the  background  signals.  For  a  surface  search  radar 
operating  over  the  ocean,  the  predominant  background  signal 
interfering  with  the  target  return  is  often  sea  clutter.  Although 
descriptions  of  both  amplitude  distribution  shapes  and 
temporal  behaviour  of  sea  return  are  required  for  a  complete 
model,  the  most  generally  useful  statistic  in  a  sea  clutter  model 
is  the  average  cross  section  per  unit  area. 

For  a  bistatic  link  over  the  sea  surface,  it  is  necessary  to 
combat  multipath  fading  caused  by  sea  reflection  that  can 
disrupt  an  electromagnetic  system  near  the  sea  surface, 
understanding  the  effect  of  the  scattering  by  this  natural 
surface  is  an  absolute  necessity.  The  rough  surface  leads  to  an 
unpolarized  wave.  The  crosspolarized  coefficients  are 
produced  by  the  diffuse  scatter  of  the  sea  surface  when 
illuminated. 
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These  coefficients  are  calculated  from  the  incoherent 
summation  of  echoes  projected  by  each  surface  element.  In 
order  to  describe  the  scattering  of  an  electromagnetic  wave,  an 
appropriate  theory  has  to  be  chosen.  Existing  theories  may  be 
classified  in  three  main  groups :  *  Kirchhoff  model  [4],  *  Small 
perturbation  model  [5],  [6],  [7],  *  Two-scale  model. 

Using  Kirchhoff  and  small  perturbation  model  the  effect 
of  the  salinity  and  temperature  on  the  electromagnetic  field 
scattered  by  sea  surface  is  studied  in  [3]. 

The  geometry  of  the  reflection  process  is  shown  in  Fig  1. 


n-  KIRCHHOFF  METHOD 


The  vector  formulation  of  the  Kirchhoff  method  [4]  is 
based  upon  the  vector  second  Green’s  theorem,  which  states 
that  the  scattered  field  at  any  point  within  a  source-free  region 
bounded  by  a  closed  surface  can  be  expressed  in  terms  of  the 
tangential  fields  on  the  surface.  A  mathematical  statement  of 
this  fact  is  formulated  by  Stratton  and  Chu  and  modified  for  the 
far  zone  by  Silver  [5].  For  process  with  Gaussian  correlation 
coefficient,  the  validity  conditions  using  the  wavelength  A,,  the 
surface  correlation  length  L  and  the  rms  surface  height  can  be 
written  as  [1]  [2]: 


L  3 

->-=0,955 
A  71 


and 


-  /i 


(1) 


Under  this  assumption  it  is  still  difficult  to  evaluate  the 
scattered  field  analytically.  Two  additional  simplifying 
approximations  have  appeared  in  the  literature :  The  stationary 
phase  approximation  and  the  scalar  approximation. 


II-l  Stationary  phase  (Geometrical  Optics) 
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After  using  the  stationary  phase  approximation  [6]  to 
simplify  the  scattered  field  expression,  the  scattering 
coefficient  can  be  written  as 


O  = 


-Prob{Z^,Z} 


(2) 


Prob  {Z^,  Zy}  is  the  probability  density  function  of  the 
surface  slopes,qx'=k(sin(0s)cos(<l>s)-sin(0)cos((|))),  Z^=-q^/q^, 
qy=k(sin(0s)sin(<|)s)-sin(0)sin(<t))),  Zy=-qy/qz, 

q2=k(cos(0s)+cos(0)),q^=qx^+qy^+qz^ 

Upq  are  polarization-dependent  coefficients. 

When  the  surface  height  is  a  Gaussian  distributed  with 
zero  mean,  the  validity  conditions  can  be  written  as  [1]  [2] : 


(->-)  and 
K  TZ 


o  1  ^ 

X  2K  I  cos  0^  4- cos  0|  J 


II-2  Scalar  approximation  {Physical  Optics) 


For  the  GO  model,  we  assumed  that  the  variance  of  the 
surface  height  was  large  compared  to  the  incident  wave  length. 
This  restriction  is  not  required  with  the  PO  model.  Instead,  we 
assume  that  the  rms  surface  slope  is  small.  Under  this 
approximation  the  scattering  coefficient  can  be  written  as  [5], 

[4]  :  pqn"^^  pqs 

When  the  surface  height  is  Gaussian  distribution,  the 
conditions  of  validity  are  [1]  [2] 


L  3  L  4^  o  o 

^->-=0,95  and  t- > - 

X  %  X  0,25  X  X 

III  -  SMALL  PERTURBATION  MODEL 


(4) 


In  sections  II  and  III  two  special  types  of  rough  surfaces 
were  considered.  The  surface  roughness  had  to  be  either  large 
or  small  compared  with  the  incident  wave  length. 

Naturally  occuring  surfaces,  however,  may  include  both 
types  of  roughness  in  various  proportions.  Some  surfaces  may 
have  one  continuous  distribution  of  roughness  instead  of  two 
significantly  different  average  sizes.  In  this  case  the  surfaces 
can  be  modeled  as  having  only  two  average  sizes  of  roughness 
with  one  large  and  the  other  small  compared  with  the  incident 
wavelength.  Fig  2  shows  the  geometry  of  the  surface  scattering 
problem.  The  transmitter  and  the  receiver  are  positioned  in  a 
reference  (jt, y,  z)  by  the  angles  0,  (p,0^  and  cp^. 

Assume  the  incident  wave  to  be  : 


=  aE^  with  Fq  ==  (7) 


Fig  Z.Geometry  of  surface  scattering  problem 
In  the  local  reference  : 

e'  =  E^/v'^E\4h'  =  [Ca‘V')V  +  Ca‘h')h\E^  (8) 

The  locally  scattered  fields  due  to  incident  waves  are  : 


In  the  previous  section  the  Kirchhoff  method  was  applied 
to  surface  with  horizontal  roughness  scale  and  average  radius 
of  curvature  larger  than  the  electromagnetic  wavelength. 
When  both  the  surface  standard  deviation  and  correlation 
length  are  smaller  than  the  surface  standard  deviation  and 
correlation  length  are  smaller  than  the  wavelength,  one 
standard  approach  that  we  considered  is  the  small  perturbation 
method.  Tlie  bistatic  scattering  coefficient  for  either  a 
horizontally  or  vertically  polarized  incident  wave  from  slightly 
irregular  surface  within  the  incident  medium  is 


K 

K' 

3'  v 

Then  the  scattering  coefficients  are  given  by  : 


ES 

Vs-h's 

K 

^hh 

hs-v's 

‘  h*  ^ 

K' 

(9) 


(10) 


=  8  k^OcosQcosd^^^CL^J^^W  {k^  + ksinQ,  ky)  (5) 


Where  W  is  the  two-dimensional  wave-number  spectral 
density  of  the  surface  roughness  (ocean),  polarization- 

dependent  coefficients.  For  the  Gaussian  case  the  validity 
conditions  are  given  [1]  [2] : 


^0,3  L  Jl  c  c 

- =0,048  and  => - ==4,71- 

K  2%  X  0,3  X  A 

IV-  TWO-SCALE  MODEL 


(6) 


So  the  average  {E^h^E^^h  ^  Kh^hh  *  calculated. 

{El^E^f^*  )  can  be  calculated  if  we  use  (E^^E^^  )  and 
the  transformation  given  by  (1 1) : 

hs<r^Vg  h's<r^V's  /?'<->  V'  (11) 

To  calculate  (El^E^*  )  and  (E^f^El*  )  the  following 
transformation  can  be  used : 

hs<r^Vs  h<r^V  (12) 
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Then  the  first  bistatic  coefficient  scattering  is  given  by  : 
((.hs-h's)^Ch'  + 

{(hs-v's)^  (h'  -h ^ol.  f^,)+i(hs-  V'  j) ^ (v-  •  h) >  + 
{ihs-v',)\y’ -h  (^'•a)o;.v.v.a.>  + 

-V'^)  (V  'h)^  + 

{{^s  ’  s)  '  ^)  (^'  5  *  ^s)  (^'  *  ^)  ^yi  v'  h'  h'^'^ 

{(hs'^'s)  (v  ’h)  (ti's'K)  (h'  + 

{(hs'V's)  {h'  •  h)  *  ^^)^yt  Lt  LI  Lt)  + 


v'h'h'h'^ 

{(hs'h's)  {y' ’  h)  (h' •  h) 


(13) 


The  major  new  consideration  is  the  development  of  the 
composite  model  in  the  bistatic  case.  Good  agreements  are 
obtained  between  this  model  and  measurements. 


Fig.3  F-10  GHz-15  GHz  forkL-1,  ka-0.1 
small  perturbation  model  (1),  two-scale  model  (2), 
scalar  approximation  (3) 


O  ,  /  = 
pqpq 

i6|it^acos0'cose'J^^e(ap^ap,^,*  )W(k^  +  ksinQ',ky)  (14) 

=  8|ifc^ocose'cos0'J^|aj2lf  (*^  +  A:sin0',y  (15) 

The  other  coefficients  are  obtained  by  using 
transformations  (11)  and  (12). 

V-  NUMERICAL  RESULTS 


The  validity  conditions  of  stationary  phase,  scalar 
approximation  and  for  the  small  perturbation  model  are 
studied  [1][2].  It  can  be  observed  that  the  scalar  approximation 
and  the  small  perturbation  model  can  be  simultaneously 
applied  for  (/feL  >  6  and  ito  <  o,  3).  Stationary  phase  and  scalar 
approximation  can  be  applied  concurrently  for  {kL>n  and 
ka>3).  For  the  simulation  two  surface  types  are  chosen 
{kL  =  i ,  ka  =  0.1  and  kL  =  6,5,  ka  =  i  ),  for  the  slope 

standard  deviation  m  {m  =  -Jij),  two  frequenties  (10  and  15 
GHz),  salinity  S  =  ^5ppm  and  with  a  temperature  T  =  20  °C. 
The  monostatic  coefficients  for  the  three  models 

stated  before  are  plotted  in  Fig  3  for  kL  =  1  and  ko  =  0,1 , 
F=10  or  15  GHz.  The  validity  conditions  for  scalar 
approximation  are  not  satisfied  so  this  model  is  divergent  for  0 
>10°.  The  stationary  phase  approximation  is  not  represented 

for  the  same  reason.  In  Fig  4  the  monostatic  coefficients 

are  plotted  for  the  four  scattering  models,  kL  =  6.5  and 
ko  =  i,  F=10  and  15  GHz.  Another  example  for  the 
simulation  is  processed  for  the  sea  surface  using  the  Pierson- 
Moscowitz’s  spectrum  [8]  and  the  slope  distribution  given  by 
Cox  and  Munk  [9].  The  results  will  be  presented  during  the 
symposium. 

VII-  CONCLUSION 

The  numerical  results  are  computed  for  the  bistatic  radar 
cross-section  from  a  rough  sea  surface  using  Gaussian  model 
for  the  correlation  and  wave  height. 


Fig.4  F-10GHz-15GHz  for  Ii-6.5,  ko-l; 

scalar  approximation  (1), stationary  phase  approximation  (4) 

small  perturbation  model  (3),  two-scale  model  (2) 
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Abstract  -  Observations  of  microwave  backscattering  from 
the  sea  surface  have  indicated  the  presence  of  scattering  mech¬ 
anisms  other  than  Bragg  resonant  mechanisms ^  These  con¬ 
clusions  are  supported  by  the  study  of  the  line  shapes  of 
Doppler  spectra^  and  of  the  dependence  of  the  backscatter  on 
grazing  angle^  polarization^  wind-direction^  and  wind  speed^ 
Conjectured  non-Bragg  scattering  mechanisms  include  specu¬ 
lar  reflection  from  facet-like  portions  of  a  wave  surface  as 
well  as  double  bounce  reflections  including  reflections  at  the 
Brewster  angle.  Using  a  novel  polarimetric  optical  specular 
event  detector  (OSED)^,  temporal  correlations  have  been  made 
with  microwave  scattering  returns  allowing  spatially  resolved 
identification  of  wave  structures  which  give  rise  to  the  mi¬ 
crowave  returns  and  provide  direct  verification  of  the  presence 
of  the  conjectured  scattering  mechanisms. 

INTRODUCTION 

The  OSED  diagnostic  has  been  used  in  conjunction  with  a 
fully  polarimetric  X-band  radar  to  provide  temporally  corre¬ 
lated  and  spatially  resolved  polarimetrically  coded  visual  im¬ 
ages  of  mechanically  breaking  waves  at  the  Ocean  Engineer¬ 
ing  Laboratory  (OEL)  of  the  University  of  California  at  Santa 
Barbara  (UCSB)  wind-wave  tank  facility.  The  spatially  re¬ 
solved  images  allow  the  direct  identification  of  wave  struc¬ 
tures  responsible  for  backscatter  returns  while  the  polarimetric 
capabilities  of  the  OSED  provide  strong  evidence  of  the 
equivalence  of  the  polarization  activity  of  the  wave  structures 
across  a  large  range  of  wavelength  (~3  cm  -  ~580  nm). 

INSTRUMENT  DESCRIPTION 

The  OSED  detector  consists  of  two  standard  black-and- 
white  (RS-170)  video  cameras  whose  fields  of  view  are  pre¬ 
cisely  overlaid  by  means  of  a  beamsplitter  -  mirror  system. 
Dichroic  polarizers  introduced  separately  into  each  camera 
view  provide  simultaneous  images  of  the  system  field  of  view 
in  s-polarized  (horizontal)  and  p-polarized  (vertical)  light.  If 
the  illumination  is  unpolarized,  the  two  images  record  inten¬ 
sities  equivalent  to  microwave  returns  of  {HH  +  VH)  and 
{W+HV).  Similarly,  s-  or  p-polarized  illumination  would 
yield  information  equivalent  to  {HH  and  HV)  or  ( W  and 
VH )  respectively.  Thus,  while  the  OSED  does  not  at  present 
measure  the  full  polarization  state,  within  the  statistical 
equivalence  of  an  ensemble  of  wave  breaking  events,  the 
OSED  can  provide  information  at  visible  wavelengths  equiva¬ 
lent  to  the  four  polarization  matrix  elements  available  from 
the  X-band  radar  by  recording  successive  equivalent  wave  en¬ 
sembles  under  appropriate  illumination. 

In  addition  to  the  polarization  information,  the  image  in¬ 
tensity  contains  information  on  the  equivalent  backscatter 


cross-section  at  visible  wavelengths.  In  the  presence  of  an  ab¬ 
solute  calibration  of  the  illumination  intensity,  an  estimate  of 
the  surface  curvatures  of  the  scattering  objects  may  also  be 
obtained. 

Simple  frame  subtraction  of  image  intensities  can  be  calcu¬ 
lated  and  displayed  in  near  real  time.  The  OSED  s-  and  p-po- 
larization  images  are  stored  as  the  red  and  green  images  of  a 
standard  color  (NTSC)  TV  frame  on  a  Magneto-Optic  Disk 
(MOD)  recorder  which  allows  offline  analysis  and  display  of 
synchronized  images. 

The  OSED  and  its  Illuminator  are  mounted  symmetrically 
with  respect  to  the  radar  as  shown  in  Figure  1  to  obtain  the 
same  specular  reflection  condition  as  applies  to  the  Radar  in  a 
quasi-monostatic  backscatter  mode.  IRIG  time  codes  are  im¬ 
pressed  on  the  OSED  images  and  associated  with  the  Radar 
data  records  to  enable  synchronization  of  the  two  data  streams. 

ALIGNMENT  AND  IMAGE  ANALYSIS 

Alignment  of  the  two  camera  images  involves  translational 
and  rotational  alignment  by  means  of  the  beam  splitter,  turn¬ 
ing  mirror  and  camera  attitude  adjustments,  and  balancing  of 
the  image  sizes  and  exposure  levels  by  means  of  the  matched 
zoom  lens  focal  length  and  f-stop  adjustments. 

Assessment  of  the  alignment  is  achieved  by  the  use  of  a 
non-polarizing,  high-contrast  checkerboard  target  at  a  nominal 
10  m  range  illuminated  with  unpolarized  light.  The  basic  2- 
dimensionally  resolved  image  processing  functions  available 
for  cross-section  and  polarimetric  analysis  of  the  target  are  the 
pixel-by-pixel  sum  and  difference  images  where  each  resultant 
pixel  intensity  is  described  by 


huM  > 

(1) 

W  =  (4-/p+255)/2, 

(2) 

for  an  8-bit  image  digitization  system.  Optimum  alignment 
of  the  system  is  found  by  minimizing  the  variance  of  the  dif¬ 
ference  image  (Eqn  2)  about  the  median  gray  level 
Ij)iF=l21,5  .  A  statistical  treatment  of  the  misalignment 
and  exposure  level  imbalance  over  the  region  of  interest  in  the 
field  of  view  shows  that  this  system  is  able  to  achieve  an 
equivalent  misalignment  of  ±0.2  pixels  over  a  range  of  illu¬ 
mination  levels. 

By  the  symmetry  of  the  breaking  wave  with  respect  to  the 
vertical,  it  is  reasonable  to  assume  that  an  ensemble  of  scat- 
terers  comprising  a  breaking  event  will  not  favor  rotations  of 
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the  polarization  in  either  direction.  It  is  therefore  convenient 
to  take  as  a  measure  of  the  degree  of  polarization  the  ratio 

P  =  ^p)-{^DJF  •  (3) 

Calculation  of  this  ratio  is  performed  pixel-by-pixel  and  dis¬ 
played  in  false  color,  where  the  target  cross-section  (image  in¬ 
tensity)  is  suppressed.  For  comparison  with  the  radar  Polari¬ 
zation  Ratio  (defined  as  HHA^V),  appropriate  sums  can  be 
performed  over  the  image  to  yield 

Pol.Rat=Y^lJY,fp-  (4) 

pixel  /  pixel 

Relative  cross-section  in  the  visible  is  obtained  directly  from 
the  sum-image  as 

cr=  ^{2*Isum)  • 
pixel 

IMPLEMENTATION  AND  RESULTS 

The  combined,  synchronized  system  of  OSED  and  Radar 
have  been  used  to  study  4  m  mechanically  generated  breaking 
waves  at  low  grazing  angles  (4.5^^  -  lU)  at  the  OEL  /  UCSB 
facility.  A  representative  example  will  be  shown  to  demon¬ 
strated  some  of  the  capabilities  of  the  system.  Examples  of 
further  use  of  the  system  will  also  be  presented  at  this  meet- 
ing^’^.  A  51  second  record  of  Radar  Cross  Section  (RCS)  of 
backscatter  from  4  m  breaking  waves  at  4.5''  grazing  angle 
and  10  m  nominal  range  is  shown  in  Figure  2.  Breaking 
wave  events  which  occur  within  the  elliptical  radar  footprint 
(~1  X  3  m  at  the  -3  dB  contour)  give  rise  to  greatly  enhanced 
radar  cross-sections  visible  as  four  groups  of  cross-section 
peaks.  For  clarity,  only  the  HH  and  VV  returns  of  the  radar 
are  shown.  Variation  of  peak  cross-section  depends  amongst 
other  things  on  the  position  of  the  breaking  event  within  the 
radar  footprint.  Similarity  of  the  breaking  events  can  be  seen 
in  the  consistent  increase  of  HH  returns  over  W  returns 
{i.e..  Super  Events^)  during  each  event.  The  breaking  event 
near  t  =  29  .y  is  chosen  for  a  more  detailed  look  in  Figures 
3  -  6. 

In  Figure  3,  all  four  polarization  matrix  elements  of  the  ra¬ 
dar  return  are  shown  for  times  27  -  30  s.  Again,  the  domi¬ 
nance  of  the  HH  over  the  VV  during  such  a  breaking  event 
is  representative  of  these  mechanically  generated  waves. 
Since  unpolarized  illumination  was  used  for  the  OSED,  the 
OSED  channels  correspond  to  radar  cross-sections  of 
{HH  +  VH)  and  {VV  +  HV) .  Figure  4  compares  the  radar 
HH-^VH  cross-section  to  the  OSED  s-polarization  return, 
similarly  Figure  5  compares  the  radar  VV  +  HV  cross-section 
to  the  OSED  p-polarization  return.  It  will  be  seen  that  the 
radar  cross-section  rises  approximately  0.5  5  before  the 
OSED  return.  The  first  specular  facet  is  visible  in  the  OSED 
image  at  t  =  28.17  ^  near  the  rise  of  the  radar  cross-section, 
but  the  rise  of  the  OSED  cross-section  does  not  occur  until 
the  wave  crest  strikes  the  front  face  of  the  wave  and  dissolves 


into  a  disordered  surface.  Therefore,  the  early  rise  of  the  radar 
cross-section  is  thought  to  be  due  to  diffractive  processes 
from  the  tip  of  the  gravity  wave  at  the  earliest  stage  of  break¬ 
ing.  The  increased  range  of  the  radar  cross-section  compared 
to  the  OSED  may  arise  from  a  combination  of  two  effects. 
First,  the  characteristic  structure  size  of  facets  on  a  breaking 
wave  are  in  the  Rayleigh  regime,  being  considerably  smaller 
than  the  radar  wavelength  (-3  cm).  Second,  the  noise  floor 
of  the  OSED  is  presently  limited  by  upwelling  light  reflected 
from  the  wave  tank  floor. 

Figure  6  compares  the  polarization  ratio  of  the  OSED  and 
radar.  Again,  since  the  OSED  illumination  is  unpolarized, 
the  OSED  polarization  ratio  (Eqn  4)  is  compared  to  the  radar 
power  ratio  {HH-\'VH)I{VV -(- HV) .  Due  to  the  large  fluc¬ 
tuations  of  the  ratio  at  small  cross-section,  the  ratio  is  only 
plotted  from  28  to  30  s.  Note,  however,  that  the  polarization 
ratio  in  the  visible  closely  follows  the  shape  of  the  ratio  at  X- 
band.  The  difference  in  magnitude  is  thought  to  be  related  to 
the  disparity  in  Brewster  incidence  angles  at  visible  (-54°)  and 
X-band  (-83°)  wavelengths.  Double  bounce  reflections  from 
the  breaking  wave  greatly  favor  HH  radar  returns  near  4.5°  -  7° 
grazing  angle  where  the  Brewster  effect  in  the  visible  is  only 
partial. 

Temporal  sequences  of  2-dimensionally  resolved  images  of 
the  OSED  degree  of  polarization  are  available  but  are  not 
shown  in  this  paper  due  to  the  space  limitation.  However, 
these  images  allow  the  visible  identification  of  scatterers 
which  give  rise  to  the  OSED  polarized  returns.  At  early 
times  (28  -  28.5  5-)  the  polarized  OSED  returns  come  from 
portions  of  the  large  curvature,  leading  edge  of  the  unbroken 
wave  crest  that  satisfy  the  specular  condition.  Near  28.5  s 
the  wave  crest  strikes  the  front  face  of  the  wave  and  dissolves 
into  a  large  disordered  surface  which  scatters  largely  depolar¬ 
ized  light  isotropically.  At  this  time  a  large  area  of  the  front 
face  of  the  wave,  having  an  approximately  parabolic  profile*^, 
supports  a  backscatter  reflection  of  the  bright  crest  at  inci¬ 
dence  angles  very  near  the  Brewster  angle  in  the  radar  regime 
which  dominates  over  the  unpolarized  returns  from  the  crest. 
At  later  times  (-29.5  s)  the  Brewster  reflection  in  the  front 
face  disappears,  leaving  only  the  bright,  unpolarized  crest 
which,  however,  may  also  support  polarized  structures. 
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FIGURE  CAPTIONS 


Fig.  1.  Schematic  of  the  OSED  mounting  with  respect  to 
the  Radar,  such  that  the  OSED  views  the  same  foot 
print  with  the  same  specular  reflection  condition. 

Fig.  2.  Time  record  of  the  Radar  HH  and  VV  backscatter 
cross-sections  for  a  4  m  mechanically  generated  break¬ 
ing  wave. 

Fig.  3.  Time  record  of  the  four  Radar  remrn  polarization  ma¬ 
trix  elements  HH,  VV,  VH,  and  HV  for  the  expanded 
time  scale  from  27  to  30  s. 

Fig.  4.  Comparison  of  the  OSED  s-polarization  cross-sec¬ 
tion  to  the  equivalent  Radar  cross-section  {HH  -t-  VH) . 

Fig.  5.  Comparison  of  the  OSED  p-polarization  cross-sec¬ 
tion  to  the  equivalent  Radar  cross-section  ( W  -i-  HV) . 

Fig.  6.  Comparison  of  the  OSED  polarization  ratio 

^Is  I  lo  the  equivalent  Radar  power  ratio 

pixel  f  pixel 

{HH  +  VH)I{VV+HV). 
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Abstract  -  Fetch  dependence  of  SAR  azimuth  cutoff 
and  image  statistics  on  ERS-1  SAR  images  is  discussed. 
Azimuth  cutoff  accounts  for  motions  on  sea  surface  and  is 
a  kinematic  parameter.  Wind  estimation  through  cutoff 
analysis  is  presented  as  well  as  limitations  of  this  method 
for  fetch  limited  sea  states.  In  addition,  SAR  higher  order 
statistics  have  proved  to  be  well  correlated  with  estimated 
SAR  azimuth  cutoffs.  Their  behaviour  are  presented  to¬ 
gether  with  breaking  events  density  probability.  A  first 
attempt  is  proposed  to  better  localize  the  short  lifetime 
scatterers  that  are  expected  to  arise  and  fade  within  the 
integration  time  by  bandpass  filtering  the  Doppler  spec¬ 
trum  derivated  from  a  SLC  image. 

1.  PRESENTATION 

In  this  paper,  a  case  study  of  an  ERS-1  SAR  scene  ac¬ 
quired  on  March  23  1992  at  10:28  A.M.  near  the  french 
southern  mediterranean  shore  over  the  Gulf  of  Lion  is  dis¬ 
cussed.  Two  successive  ERS-1  Precision  Images  (PRI)  on 
a  descending  path  (195®)  were  at  our  disposal  as  well  as 
Single  Look  Complex  Images  (SLC)  and  Raw  data.  Ac¬ 
cording  to  weather  chart,  a  steady  wind  of  13  ms” ^  was 
blowing  300®  relative  to  North  (e.g.  15®  to  range)  over 
most  of  the  part  of  the  second  PRI  image,  except  at  both 
early  and  late  azimuth  where  the  wind  speed  was  expected 
to  be  lower.  Earlier  in  the  night,  the  wind  speed  was  mea¬ 
sured  as  high  as  25  ms~  ^ . 

2.  SAR  WIND  SPEED  ESTIMATION 

Many  attemps  have  been  conducted  to  retrieve  wind  and 
waves  characteristics  from  SAR  images,  A  successful  in¬ 
version  method  based  on  a  closed  non-linear  integral  trans¬ 
formation  has  been  proposed  by  Hasselmann  and  Has- 
selmann  [1].  Moreover,  the  issue  of  estimating  the  wind 
speed  by  opposing  the  measured  SAR  backscattered  in¬ 
tensity  to  scattering  model  (such  CMOD)  has  revealed 
to  be  of  few  interest  because  of  the  lack  of  calibration 


of  ERS-1  PRI  images  [2].  Improvements  have  been  car¬ 
ried  out  in  this  domain  for  data  processed  after  November 
1992,  the  reliability  still  remains  limited,  in  particular  due 
to  the  non  negligeable  effect  of  the  ADC  saturation  at  near 
range. 

Hereafter,  wind  speed  retrieval  is  discussed  through  az¬ 
imuthal  cutoff  analysis.  Imaging  of  ocean  surfaces  by  SAR 
is  known  to  be  strongly  affected  by  the  orbital  motions  of 
the  surface  waves.  Doppler  shifts  induced  by  these  mo¬ 
tions  distort  the  phase  history  of  the  backscattered  sig¬ 
nal  which  is  used  to  synthetise  the  azimuthal  resolution. 
Consequently,  the  image  is  azimuthally  low-pass  filtered 
by  the  characteristic  function  of  azimuthal  displacements 
as  shown  using  the  quasi-linear  approximation  [1]: 

Ps{k)  =  (0)}  Pnik)  (1) 

where  Ps  and  Pr  are  the  SAR  and  the  RAR  power  spec¬ 
trum  respectively,  and  p^f(O)  is  well  approached  by  the 
vertical  component  of  orbital  velocities  (incidence  angle 
«23.5'’): 

=  J^"Sik)dk  (2) 

Cutoff  parameter  estimation  has  already  been  discussed 
elsewhere  [3,  4].  Here  we  propose  to  use  the  intercorrela¬ 
tion  function  between  different  looks  generated  from  SLC 
image  in  order  to  eliminate  the  non-coherent  scattering 
correlation  term  (Fig.l).  The  intercorrelation  function  is 
fitted  as  follows: 

.  (3) 

where: 

SAR  azimuth  cutoff  A  is  then  directly  bound  to  the 
standard  deviation  of  the  total  azimuthal  displacements 
field.  Furthermore,  this  kinematic  parameter  has  proved 
to  be  a  robust  wind  speed  indicator  [4].  Indeed,  cutoff 
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Figure  1 :  Estimation  of  the  azimuth  cutoff  through  the  azimuthal 
correlation  function  (left).  The  narrow  central  peak  of  the  non¬ 
coherent  scattering  has  been  removed  by  using  intercorrelation  be¬ 
tween  two  independent  looks  (right). 


Figure  2:  Estimation  of  the  azimuth  cutoff  along  the  range  axis 
(thick)  and  fetch  dependent  theoretical  values  for  different  wind 
speeds  (thin). 


values,  estimated  on  a  global  data  set  of  more  than  1200 
ERS-1  SAR  Wave  mode  images,  have  been  opposed  to 
wind  speeds  derived  from  ERS-1  Scatterometer  Uio^  They 
have  shown  to  be  linearly  related  (with  a  coefficient  of 
23.2)  for  the  whole  range  of  wind  speeds.  This  empirical 
relationship  can  be  compared  using  a  JONSWAP~like  sea 
spectral  model.  From  (2)  and  (4),  we  have: 


A  ^  TT  ~  y  y  oj^S{k)dk  -  25  ?7io  (5) 

This  relationship  has  been  obtained  under  the  assump¬ 
tion  that  all  wavelengths  were  equally  fully  developed 
which  is  not  always  true  under  high  winds  conditions.  In¬ 
troduction  of  an  age  factor  would  give  a  coefficient  even 
closer  to  the  empirical  one. 

3.  SAR  OBSERVATIONS 
3.1.  Azimuth  cutoff  analysis 

Though  the  wind  was  nearly  steady  in  speed  and  direc¬ 
tion,  the  estimated  cutoff  appeared  to  vary  across  the 
track  and  to  underestimate  the  wind  speed.  Assuming 
the  wind  was  almost  blowing  in  range  direction,  it  seemed 
then  reasonable  to  consider  that  the  sea  was  fetch  lim¬ 
ited  along  the  range  axis.  Estimated  cutoff  values  have 
then  been  compared  with  theoretical  values  inferred  from 
a  fetch  dependent  sea  spectral  model  (Fig. 2).  Eq.  (5) 
becomes: 


where  x  is  the  fetch  distance,  extending  from  130  to  230/:m 
between  far  and  near  range  and  Q(a?)  represents  the  cor¬ 
responding  inverse  wave  age.  The  estimated  wind  speed  is 
16  ms~^  which  is  higher  than  the  expected  value  (13  ms~^). 


3.2.  Peak  wavelength  analysis 

In  addition  to  azimuth  cutoff,  peak  wavelength  and  as¬ 
sociated  phase  analysis  have  also  been  carried  out  from 
the  cross  spectrum  between  the  first  and  the  third  of  the 
three  processed  looks.  This  wavelength  is  compared  with 
the  theoretical  value  of  fetch  limited  wavelength,  using 
the  same  sea  spectral  model  (Fig. 3 (left)).  The  estimated 
wind  speed  of  16  is  still  greater  than  the  real  wind 

speed.  Possible  interpretation  is  that  the  rough  sea  state 
raised  under  stronger  wind  conditions  during  the  previ¬ 
ous  night  has  not  totally  relaxed,  leading  to  both  SAR 
peak  wavelength  and  cutoff  greater  than  expected  for  a 
13ms“^  wind. 

The  phase  of  cross  spectrum  represents  the  propagation 
of  wavelength  between  the  first  and  third  look  acquisition 
time  (AT  =  |  0.577  =  0.38s  for  ERSl): 

/  2lT 

<l>predicted  —  ^  AT  =  —  AT  (7) 

where  g  is  the  acceleration  of  gravity  and  I  the  peak 
wavelength.  Both  phases,  measured  at  SAR  peak  cross 
spectrum  and  predicted  from  the  measured  wavelength, 
are  plotted  Fig.3(right).  As  expected  predicted  phase  de¬ 
creases  with  increasing  fetch. 


Figure  3:  Left:  Estimation  of  the  SAR  cross  spectrum  peak  wave¬ 
length  along  range  axis  (thick)  and  fetch  dependent  peak  values  for 
different  wind  speeds  (thin).  Right:  Predicted  phase  (dash)  and 
measured  phase  (solid). 
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4.  STATISTICS 


SAR  Azimuth  Cutoff  Estimation 


Interpretation  of  SAR  image  higher  order  statistics  still 
remains  a  topical  problem.  It  has  often  been  observed  that 
both  skewness  and  kurtosis  (/?2)  tend  to  increase 

with  wind  speed  but  the  reason  of  this  is  unclear. 

The  non-linearity  of  SAR  mapping  transformation  is 
often  invoked  to  explain  the  deviation  of  SAR  statistitics 
from  Rayleigh  distribution  (or  for  multi-look  images). 
Yet,  considering  that  azimuthal  displacements  occuring 
during  the  integration  time  turn  into  a  facet  superposi¬ 
tion  effect  [5],  SAR  distribution  should  tend  to  Gaussian 
law  following  central  limit  theorem.  This  is  in  contradic¬ 
tion  whith  the  fact  that  /?i  and  /?2  keep  increasing  with 
wind  speed.  Our  opinion  is  that  non-coherent  specular 
scattering,  like  breaking  events,  will  play  a  major  role  as 
wind  speed  increases.  Tilley  [6]  suggested  that  when  the 
cross  section  is  dominated  by  sea  spikes  density  clipped 
in  amplitude,  the  cross  section  measurement  can  be  ap¬ 
proximated  by  the  number  of  point  scattering  processes 
occuring  during  the  integration  time.  Mean  rate  of  this 
number  must  also  be  weighted  by  a  non-detection  proba¬ 
bility  accounting  for  SAR  Doppler  bandpass  limitation  [7] 
or  shadowing  effect  for  instance.  SAR  image  amplitude 
should  then  be  associated  with  Poisson  law  to  lead  to  K- 
statistics  [8]. 

Referring  to  Barrick  [9],  the  mean  number  of  backscat- 
tered  specular  glints  per  unit  area  varies  as  follows: 


N  ^  exp{— 


mss 


} 


(8) 


where  0  is  the  incidence  angle  and  mss  the  mean  square 
slope.  Fetch  dependence  of  N  should  be  weak.  Indeed 
the  mss  parameter  is  known  to  be  mostly  dominated  by 
gravity-capillary  waves  for  moderate  to  high  winds.  Such 
a  range  of  waves  is  not  expected  to  vary  for  fetch  as  long 
as  100  km.  Thus,  N  will  not  change  with  fetch  but  rather 
from  its  incidence  angle  dependence  {tanO)  along  range 
axis. 


4.1,  Wind  dependence 

As  shown  above,  higher  order  statistics  will  not  be  fetch 
dependent  in  our  case  study.  However,  they  are  strongly 
related  to  wind  speed  variation  along  the  track.  Skew¬ 
ness  and  azimuth  cutoff  have  been  estimated  from  PRI  3- 
looks  amplitude  image  in  this  direction  for  a  fixed  fetch  of 
180  (Fig. 4).  As  one  can  see,  the  wind  speed  increases 
from  the  shore  and  decreases  at  late  azimuth.  A  remark¬ 
able  feature  is  the  excellent  correlation  between  cutoff  and 
skewness  parameter. 

An  empirical  relationship  between  azimuth  cutoff  and 
Pi  was  derived  from  the  analysis  of  the  ERS-1  imagette 
global  data  set.  Cutoff  parameter  was  found  to  vary  with 
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Figure  4:  Azimuth  cutoff  and  Skewness  plotted  in  the  along  track 
direction. 


2  /3 

/?! '  .  Using  wind  speed  estimated  through  azimuth  cutoff 
analysis  and  the  probability  B  of  crest  breaking  given  by 
Srokosz  [10],  squared  skewness  have  then  been  related  to 
B  (Fig.5): 


where  a  is  0.5.  It  can  be  seen  that  results  obtained  in 
our  case  study  are  in  good  agreement  with  our  empirical 
relationship. 


Figure  5:  Squared  skewness  versus  Breaking  crest  probability  for 
imagette  data  set  (asterisk)  and  Mistral  case  (squares). 


4.2.  Time-frequency  analysis 

It  has  been  shown  that  knowledge  of  the  number  of  short 
lifetime  detected  events  is  important.  Indeed  it  is  possi- 
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ble  to  localize  in  time,  within  integration  period,  short¬ 
lifetime  backscattered  echoes  by  bandpass  filtering  Dop¬ 
pler  spectrum.  This  process  is  similar  to  multi-looking 
process.  The  time  resolution  is  obtained  by  moving  the 
bandpass  filter  along  Doppler  frequencies.  As  an  example, 
we  present  an  azimuth  line  extracted  from  SLC  image  on 
which  two  strong  echoes  have  been  detected  (Fig. 6  (bot¬ 
tom)).  After  bandpass  filtering  process,  one  oberve  that 
they  have  occured  at  different  times  during  the  integra¬ 
tion  (top).  The  peak  located  at  early  azimuth  has  been 
detected  at  the  beginning  of  integration  time.  It  would 
then  appear  on  the  forward  look  and  vanish  on  the  suc¬ 
cessive  ones.  The  other  peak  would  rather  be  detected  on 
the  central  look. 

Such  a  process  should  help  in  counting  peaks  of  strong 
intensity.  Moreover,  this  should  give  information  concern¬ 
ing  time-breaking  duration. 


Figure  6:  Bottom:  Azimuth  line  extracted  from  SLC  image. 
Top:  Distribution  of  SAR  intensity  during  integration  time. 


5.  CONCLUSION 

In  this  paper,  the  issue  of  retrieving  wind  speed  through 
azimuth  cutoff  analysis  is  adressed.  This  method  has  been 
shown  to  be  a  robust  wind  indicator.  Such  an  estimation 
would  give  underestimated  wind  speeds  in  case  of  fetch 
limited  sea.  A  solution  based  on  the  use  of  sea  spectral 
model  including  wave  age  parameter  is  proposed  to  re¬ 
cover  true  wind  speed.  In  addition,  increase  of  higher 
order  statistics  with  wind  speed  has  clearly  been  pointed 


out.  An  interpretation  is  proposed  in  relation  with  the 
wave  breaking  probability.  It  has  raised  the  necessity 
to  better  know  the  detected  scatterers  density.  A  time- 
frequency  approach  has  then  been  proposed  to  localize 
these  events  during  the  integration  time. 
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ABSTRACT 

The  results  of  theoretical  esti¬ 
mation  of  relationship  between  the 
absolute  values  of  radar  cross  se¬ 
ction  and  brightness  temperature, 
as  well  as  between  the  variances 
of  these  absolute  values,  due  to 
changes  of  wind  speed  and  sea  sur¬ 
face  wave  principal  characteris¬ 
tics  are  presented.  Cross  polari¬ 
zation  microwave  active-passive 
method  of  detection  and  identifi¬ 
cation,  as  well  as  combined  in 
space  and  in  time  X-band  radar 
radiometer  detector-identifier  of 
some  anomalous  formations,  origi¬ 
nated  on  sea  surface  due  to  chan¬ 
ges  of  wind  wave  spectrum  diffe¬ 
rent  components,  are  developed. 

INTRODUCTION 

The  sea  state  ecological  control 
by  radiophysical  methods  of  remote 
sensing  suggest  detection  and  ide¬ 
ntification  of  sea  surface  lots, 
differing  from  surrounding  back¬ 
ground  by  their  physical-chemical 
and  biological  parameters.  Analy¬ 
sis  of  the  results  of  numerous  re¬ 
searches  has  shown,  that  various 
inhomogeneities  may  exert  the  same 
influence  on  the  changes  of  natu¬ 
ral  background  microwave  radiation 
and  reflection  characteristics. 
Therefore,  preliminary  filtration 
of  any  types  of  anomalous  formati¬ 
ons  may  increase  detection  and 
classification  efficiency.  Since, 
the  anomalous  formations  coming 
out  of  which  are  connected  with 
changes  of  sea  wave  spectrum  com¬ 


ponents  due  to  wind  field  charac¬ 
teristics  fluctuation,  internal 
waves  going  out,  streams,  etc,  are 
very  spread  on  sea  surface  and  are 
the  main  interference  at  the  pro¬ 
cess  of  detection  and  identifica¬ 
tion  of  any  types  of  sea  surface 
natural  and  artificial  anomalies. 
Therefore,  the  development  of  the 
methods  of  sea  surface  anomalous 
formations  detection  and  identifi¬ 
cation,  originating  on  sea  surface 
due  to  changes  of  sea  surface  wave 
spectrum  short  and  long  components 
characteristics,  is  actual  problem 
and  may  find  wide  application  in 
the  sphere  of  sea  state  diagnos¬ 
tics  and  wind  speed  and  sea  water 
physical  and  chemical  characteris¬ 
tics  estimations. 

SOME  THEORETICAL  ESTIMATIONS 

The  using  of  the  sea  surface  two 
scale  model  allows  to  investigate 
relationships  of  sea  surface  radar 
cross  section  Cfi  v  and  brightness 
temperature  Tbi  at  fully  developed 
wind  wave,  when  sea  surface  state 
may  be  perfectly  characterized  by 
wind  speed  and  direction  only.  But 
mostly,  on  the  sea  surface  there 
are  situations,  when  the  sea  surf¬ 
ace  wave  is  differed  by  its  para¬ 
meters  from  fully  developed  wind¬ 
generated  waves.  And  s  t^se 
cases,  ripples  height  6h-{0T,x;0hy} 
apd  waves  slope  variances 
m  .:my  },with  the  wind  speed  and 
direction,  may  be  considered  as 
the  main  parameters  de.scribing  sea 
surface  wave. 

In  Fig.l  the  curves  of  angular 
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dependencies  of  sea  surface  radar 
cross  section  increments 
due  to  change  of  sea  surface  short 
waves  parameters  at  wind  gust  from 
6 . 3m/ s  to  9 . 8m/s  and  15 . 4m/s ,  that 
is  Av=(9 . 8-6 . 3)m/s  and  Av=:(15.4 
6.3;m/s,  during  of  which,  the  pa¬ 
rameters  of  sea  surface  long  scale 
waves  is  not  changed ,  are  shown . 
These  curves  correspond  to  estima¬ 
tions  carried  out  at  radio  wave 
length  X  -  2,16cm,  salinity  Ss 
20%.,  air  ta  and  water  tv  tempera¬ 
tures  11°C,  practically  the  same 
for  all  centimeter  range  of  radio 
waves.  In  Fig.l  the  curves  of  an¬ 
gular  dependencies  of  sea  surface 
radar  ^-ross  section  increments 
A^ii(Affi  ),  due  to  changes  of  sea 
surface  long  waves  slope  varian- 
,  oes,  are  shown  too.  These  changes 
correspond  to  breach  of  condition 
of  fully  developed  wind-generated 
waves  at  wind  speed  ""B-Sm/s  due  to 
coming  out  supplementary  ripples 
(long  waves),  carrying  out  to  inc¬ 
reasing  of  long  waves  slope  vari¬ 
ance  from  m<5.  a  to  m^-  a  and  mis.  4.  , 
corresponding  to  the  long  waves 
slope  variances  at  v  “  9.8m/s  and 
15.4m/s  respectively.  The  results 
of  Fig.l  are  correct  for  both  ver¬ 
tical  and  horizontal  polarisations 
of  radiation. 

In  Fig. 2  the  curves  of  angular 
dependencies  of  sea  surface  brigh¬ 
tness  temperature  cross  polarized 
c  o  m  p  o  n  e  n  t  s  i  n  c  r  e  m  e  n  t  s  A  Ta ''  (  A^h  ) 
and  ATBh(A(jh  )at  the  gust  of  the 
wind  from  6.3m/s  to  9.8m/s  and 
15.4m/s  are  shown.  In  the  same 
place  the  curves  o^  angular  depen¬ 
dencies  of  ATBv(Am  )  and  ATBh(Am  ) 
due  to  changes  of  long  waves  para¬ 
meters  only  at  increasing  of  long 
w^ves  slop^  variance  from  m^-  a  to 
m»- B  and  mis.'*  are  presented. 

DETECTION-IDENTIFICATION  METHOD 

Analysis  of  the  results  of  Fig.l 
.and  2  have  shown,  that  at  the  sta¬ 
ge  of  solution  of  problems  connec¬ 
ted  with  anomalous  formations  de¬ 
tection  and  identification,  origi¬ 
nated  on  sea  surface  due  to  chan¬ 
ges  of  short  and  long  waves  cha¬ 
racteristics,  as  the  parameter  for 


identification  it  is  worth  while 
to  use  the  values  of  the  ratios 
Dv=ATBv/A<yvv  and  Dh-  ATBh/A<yhh. 

In  Fig. 3  the  curves  of  angular 
dependencies  of  Dv , h  at  different 
changes  of  sea  surface  wave  short 
and  long  components  parameters  are 
presented.  These  curves  correspond 
to  the  gust  of  wind  speed  from 
6.3m/s  to  15.4m/s  and  change  m<5.  3 
to  mi  =  - 4  at  to.  =  tv  =11  C.  In 
Fig. 3  the  limits  of  any  changes  of 
these  dependencies  due  to  the 
changes  of  all  conditions  for  Av , 
Am,  ta  tv  and  A,  are  presented. 
According  to  the  results  of  Fig. 3, 
there  are  sufficient  differences 
between  the  curves  of  Dv(Av,Am) 
and  Dh(Av,Affi),  which  may  be  used 
as  a  basis  for  detection  and  iden¬ 
tification  of  such  anomalous  for¬ 
mation,  originated  on  sea  surface 
due  to  only  the  changes  of  sea 
surface  wave  short  or  long  compo¬ 
nents  characteristics.  For  detect¬ 
ion  and  identification  it  is  nece¬ 
ssary  to  determine  the  values  of 
Dv  and  Dh  at  incidence  angle  from 
45'  -  75'’  and  compare  these  values 
with  certain  thresholds. 

COMBI NED  RADAR-RADI OMETER 
DETECTOR-I DENTI FI ER 

In  Fig. 4  a  block  diagram  of 
detector-identifier  are  presented. 
This  detector  -  identifier  consist 
of  antenna  1,  combined  radar 
radiometer  module  2,  in  the  out¬ 
puts  of  that  the  signals  ^vv ,  Teh 
and  Tbv  are  formed,  handlers  3,  in 
the  outputs  of  the  each  signals 
Ae^vv  and  ATsv.h  are  formed,  divi¬ 
ders  4,  thresholders  5,  module  for 
detection  and  identification  6, 
register  7. 

CONCLUSION 

Thus,  on  the  basis  of  results  of 
carried  out  theoretical  investiga¬ 
tions,  cross  polarization  radar 
radiometer  principle  for  sea  sur¬ 
face  anomalous  formations  detec¬ 
tion  and  identification  are  sug¬ 
gested.  This  method  allows  to 
identify  sea  surface  anomalous 
formations  originated  due  to  chan- 
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Abstract  —  The  mission  of  KidSat  is  to 
identify  how  middle  school  students  can 
utilize  images  of  Earth  to  promote  inquiry  and 
foster  knowledge  by  using  mounted  cameras 
onboard  the  Space  Shuttle.  Students  engage 
in  scientific  inquiry  by  using  content  rich 
middle  school  curricula  based  on  images  of 
Earth  taken  during  Shuttle  flights.  The 
students  use  the  tools  of  modem  technology 
to  distribute  the  images  and  results  widely.  A 
research  and  discovery  model  promotes 
individual  student  growth,  inquiry  and 
achievement  while  helping  students  solve 
real-world  problems.  Teamwork,  mentoring 
and  the  active  participation  of  precollegiate 
and  collegiate  students,  educators,  engineers 
and  scientists  further  enhances  this 
educational  process. 


INTRODUCTION 

Imagine  how  beautiful  Earth  is  from  space 
[1].  And  imagine  how  much  we  could  learn 
about  the  world  we  call  home  from  a  vantage 
point  high  above  Earth’s  clouds,  tallest  peaks 
and  deepest  canyons. 

The  KidSat  Project  is  designed  and  operated 
by  students  who  want  to  explore  Earth  from 
space  and  leam  more  about  its  past  and  its 
fragile,  ever-changing  environment  [2]. 
Ki&at  provides  students  with  the  necessary 
tools  to  study  Earth,  just  as  astronauts  and 
scientists  do  during  Space  Shuttle  missions 
[3]. 
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KidSat  includes  a  payload  of  digital  still  and 
video  cameras  that  fly  on  the  Spaee  Shuttle. 
Students  command  these  cameras  from  their 
classrooms,  sending  instmctions  to  a  KidSat 
Mission  Control  Center  via  the  Internet  to 
photograph  specific  regions  of  Earth  they 
wish  to  study.  Image  data  are  sent  to  the 
KidSat  Data  System  during  the  mission  and 
these  images  are  accessible  in  the  classroom 
in  real  time,  again  using  the  Internet. 
Students  are  then  responsible  for  analyzing 
the  images;  these  enhanced  images  are  sent 
back  to  the  KidSat  Data  System  and  are 
available  on-line  so  that  students  can  see  each 
other’s  discoveries 

Students  and  teachers  are  working  to  develop 
this  program  in  collaboration  with  scientists, 
engineers  and  educators  from  NASA  and 
academic  institutions.  Eventually  KidSat  may 
fly  aboard  the  new  International  Space 
Station,  giving  students  and  educators  a 
permanent  platform  for  studying  the  Earth 
from  space. 

THE  KIDSAT  CONCEPT 

One  of  the  most  compelling  facts  about  the 
KidSat  Project  is  that  the  instruments  and  the 
mission  operations  and  data  system 
infrastructures  are  configured  by  students 
with  the  help  of  scientists  and  engineers.  The 
instruments  are  operated  not  by  the  astronauts 
on  a  Space  Shuttle  flight,  or  by  scientists  at 
NASA’s  Mission  Control  Center,  but  by 
students  in  their  own  classrooms  [4]. 
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Students  are  determining  the  exact 
specifications  for  each  KidSat  mission.  This 
means  they  decide  what  instruments  they 
want  to  fly,  what  lenses  are  needed,  and 
which  areas  of  the  world  they  want  to  image. 
For  the  first  Shuttle  flight,  the  payload 
includes  a  Kodak  digital  still  camera, 
mounted  in  the  Shuttle’s  overhead  window, 
that  provides  high  resolution  color  images  of 
the  Earth;  and  a  NASA  video  camera 
mounted  in  the  Shuttle’s  payload  bay  that 
monitors  the  Earth  along  the  Shuttle’s  flight 
path.  The  commands,  telemetry  and  images 
are  transmitted  back  and  forth  from  space  to 
students’  classrooms  using  orbiting 
communications  satellites  and  the  Internet. 
The  video  is  available  live  in  the  classrooms 
via  NASA  TV. 


Figure  1:  A  student  at  the  Charleston  Pilot 
School  examines  the  KidSat  digital  still 
camera. 


WHO  IS  INVOLVED 

KidSat  was  inspired  by  high  school  students 
from  a  Johns  Hopkins  University  challenge 


Awards  Program  working  on  a  Space  Shuttle 
project  with  scientists  at  NASA’s  Jet 
Propulsion  Laboratory  (JPL)  [3].  Since  then 
the  concept  has  been  developed  by  JPL,  The 
Johns  Hopkins  University  Institute  for 
Academic  Advancement  of  Youth,  and  the 
University  of  California,  San  Diego.  The 
project  is  sponsored  by  NASA’s  Education 
Division  with  support  from  NASA’s  Offices 
of  Space  Flight,  Space  Science,  and  Mission 
to  Planet  Earth. 

The  KidSat  philosophy  is  that  students  are 
actively  involved  in  every  aspect  of  the 
project.  At  the  heart  of  the  program  is  the 
effort  to  actively  engage  large  numbers  of  K- 
12  students  in  the  process  of  planning 
observations  and  incorporating  images  into 
their  classroom  studies.  It  is  also  central  to 
the  program  that  students  (in  necessarily 
smaller  numbers)  are  involved  in  the  selection 
and  configuration  of  the  instruments,  and  the 
design  and  operation  of  the  mission  control 
and  data  systems. 

Each  partner  institution  has  responsibility  for 
developing  specific  aspects  of  the  KidSat 
Project.  JPL  has  the  lead  role  in  project 
management,  in  implementing  the  flight 
instruments,  and,  initially,  in  developing  the 
data  system.  At  JPL,  students  from  La 
Canada  High  School  and  the  California 
Institute  of  Technology  are  working  on  these 
KidSat  project  elements.  UCSD  has  the  lead 
in  mission  operations.  Undergraduate 
students  at  the  university  are  developing  a 
KidSat  Mission  Operations  Gateway  that 
links  classrooms  to  Space  Shuttle  operations 
and  uplinks  student  commands  to  their 
cameras.  High  school  students  from  San 
Diego  join  the  undergraduate  students  to 
operate  the  Gateway  during  the  mission.  The 
Johns  Hopkins  University  Institute  for 
Academic  Advancement  of  Youth  is  leading  a 
team  of  educators  from  across  the  country  to 
develop  the  KidSat  curriculum,  design 
teacher  training  workshops,  and  evaluate  Ae 
pilot  classrooms  at  Buist  Academy  in 
Charleston,  South  Carolina,  Gompers 
Secondary  School  in  San  Diego,  California, 
and  the  Washington  Accelerated  Learning 
Center  in  Pasadena,  California.  In  the  next 
two  years,  KidSat  will  add  classrooms  in 
Omaha,  Nebraska,  Houston,  Texas  and 
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Baltimore,  Maryland.  NASA’s  Johnson 
Space  Center  is  also  playing  a  major  role  in 
providing  access  to  existing  Space  Shuttle 
flight  cameras,  assisting  in  the  development 
of  the  mission  operations  infrastructure,  and 
integrating  the  student  payload  onboard  the 
Space  Shuttle. 

PILOT  PROJECT 

KidSat  is  currently  a  pilot  project  designed  to 
develop  the  infrastmcture  and  curriculum 
such  that,  in  the  future,  many  classrooms 
across  the  country  may  participate  via  the 
Internet.  In  the  pilot  program,  a  small  number 
of  schools  are  involved  in  the  development 
process.  Any  school  may  find  out  about 
KidSat  and  follow  its  development  using  the 
Internet. 

AN  INVESTMENT  IN  OUR  FUTURE 

The  theme  for  KidSat  is  Youth  Enhancing 
Space.  This  theme  was  developed  by  a  group 
of  high  school  students  working  with  the 
pilot  classrooms.  KidSat  gives  America’s 
youth  an  opportunity  to  actively  participate  in 
the  country’s  space  program.  It 
acknowledges  students’  value  as  young 
explorers  and  citizens  of  the  future.  In  the 
long  run,  that  knowledge  gained  may  bring 
about  a  whole  new  perspective  about 
humanity’s  role  in  helping  to  preserve  Hfe  on 
Earth. 

PUBLIC  INTERNET  SITES 

You  may  access  the  KidSat  Home  Pages 
through  the  following  public  Internet  site: 


http  ://www.j  pi  .nasa.  gov/kidsat 
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ABSTRACT 

Affording  a  greater  accessibility  to  technology  is 
recognized  as  imperative  to  the  education  of  tomorrow's 
students.  KidSat/Youth  Enhancing  Space  Project  uses  a 
progressive  approach  to  entice  students'  curiosity.  Utilizing 
an  interdisciplinary  approach  to  the  implementation  of 
KidSat/Youth  Enhancing  Space  Project  curriculum, 
students  are  involved  in  transferring  their  new  knowledge  to 
other  disciplines,  which  facilitates  their  learning  process. 

Defining  features  of  KidSat/Youth  Enhancing  Space  are 
its  innovative  method  of  promoting  teacher  and  student 
ownership  and  collaborative  relationships  in  development 
of  a  curriculum  that  is  salient  to  the  child;  one  that  is 
diligently  monitored  by  teachers  for  content  and  high 
standards.  Students'  understanding  of  science,  mathematics 
and  technology  concepts  is  enhanced  by  student 
involvement  in  project  design  and  implementation  and  with 
teachers,  scientists,  and  engineers  serving  as  content 
advisors.  This  process  not  only  enriches  student  learning, 
but  also  fosters  teacher  involvement  in  their  own 
professional  growth  and  development. 

The  educational  objectives  for  KidSat/Youth  Enhancing 
Space  are  (1)  to  advance  the  learning  of  middle  school 
students  through  the  use  of  science,  math,  space 
technology,  geography  and  other  subject  areas,  (2)  to 
develop  an  infrastructure  that  will  foster  student  intellectual 
exploration  and  discovery,  and  (3)  to  develop  and 


implement  teacher  training  institutes  geared  to  achieving 
mastery  of  technology,  subject  knowledge,  and  the 
reasoning  skills  imparted  to  students. 

INTRODUCTION 

KidSat/Youth  Enhancing  Space  gives  young  people  a 
piece  of  space  program.  It  acknowledges  their  value  as 
young  explorers  and  citizens  of  the  future.  KidSat/Youth 
Enhancing  Space  is  designed  to  capture  the  imagination  of 
students  and  motivate  them  to  learn  by  engaging  them  in 
an  exciting,  hands-on  project  that  significantly  contributes 
to  their  education.  It  addresses  new  challenges  in 
educational  technology  including  how  to  bring  high  quality 
affordable  learning  tools  into  the  classroom,  effective  use 
of  the  Internet,  and  how  to  involve  students  in  scientific 
investigations  as  part  of  human  exploration. 

The  education  element  of  KidSat/Youth  Enhancing 
Space  advances  the  learning  of  students  through  the  use  of 
science,  mathematics,  geography,  and  earth  viewing 
technology.  The  KidSat/Youth  Enhancing  Space 
educational  philosophy  places  student  ownership  at  the 
heart  of  the  program.  Students  are  actively  involved  in  all 
aspects  of  the  program  which  includes  planning 
observations  and  incorporating  KidSat/Youth  Enhancing 
Space  images  into  their  studies.  Core  educational  student 
activities  include;  (a)  designing  and  select  the  KidSat/Youth 
Enhancing  Space  instruments,  (b)  discovering  and 
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constructing  meaning  from  KidSal/Youth  Enhancing  Space 
images  of  the  earth,  (c)  designing  and  operating  the 
KidSat/Y outh  Enhancing  Space  mission  control  system, 
(d)  applying  new  visual  perspectives  of  the  earth  and  (e) 
identifying  and  resolving  issues  with  regard  to 
downlinking  information  and  distribution  of  data. 
Innovative  curricular  activities  and  the  development  of  new 
data  sets  enhance  students  current  knowledge  base  and 
serves  to  develop  the  basis  and  motivation  for  further 
learning. 

The  educational  goals  for  KidSatA"outh  Enhancing 
Space  encompass  curriculum  development,  student 
learning,  and  professional  development  for  classroom 
teachers.  Curriculum  goals  include  activities  that  stress 
inquiry  and  discovery  with  rich  content  that  embellish 
current  national  educational  standards.  Students  learning  is 
advanced  through  the  use  of  science,  mathematics, 
geography,  and  space  technology,  developed  through  an 
infrastructure  which  fosters  student  intellectual  growth. 
Though-out  this  process  the  program  undergoes  continuous 
evaluation,  revision,  and  development.  Additional  goals 
focus  on  developing  and  implementing  teacher  training 
institutes  geared  to  achieving  subject  knowledge,  mastery 
of  technology,  and  pedagogical  skills. 


CORE  CURRICULUM  DESIGN  TEAM 

A  Core  Curriculum  Design  Team  consisting  of 
educators,  scientists,  and  engineers  creates  the 
supplementary  curriculum  modules  to  be  integrated  into 
targeted  schools.  The  unique  partnership  which  exists 
between  scientists  and  educators  in  KidSat/Youth 
Enhancing  Space  Project  provides  the  opportunity  to  create 
inquiry  based  science  curricula  that  is  rich  in  content. 
Scientists,  engineers,  and  educators  work  together  sharing 
individual  expertise  through  ongoing  collaboration.  As 
lessons  in  modules  are  developed  each  element  of  the 
educational  team  works  together  to  review,  revise,  and 
refine  the  lessons. 


EDUCATION  MODULES 

Educational  modules  feature  "learning  by  doing" 
allowing  students  to  attain  skill  mastery  and  determine  a 
the  direction  of  investigation  leading  to  discoveries. 
Students  may  be  differentiating  the  biomes  in  a  particular 
image  as  a  specific  objective  of  a  lesson,  yet  generate 
interest  concerning  how  the  image  is  captured  and  produced. 
Such  exploration  may  generate  discussion  on  light,  lenses, 
and  cameras  which  leads  to  further  investigation.  This 
inquiry  is  a  foundation  of  the  modules.  Students 
individuality  of  learning  is  address  through  this  method.- 
optimal  match 


Viewing  Earth  From  Space 

This  module  teaches  students  how  to  view  the  Earth 
from  space  and  introduces  them  to  the  basic  elements  of  the 
KidSatA"outh  Enhancing  Space  Project.  In  Unit  1,  students 
develop  an  understanding  of  how  a  shuttle  or  piloted 
platform  reaches  and  maintains  an  orbit  around  the  Earth, 
what  role  communication  plays,  as  well  as  a  historical 
perspective  of  piloted  space  exploration.  The  remote 
sensing  supplementary  curriculum  developed  as  part  of  the 
SIR-C  educational  CD  at  JPL(Freeman,  et  al.  1994)  and 
Can  Do  educational  material  form  a  base  for  this  module. 
Basic  principles  of  physics,  mathematical  concepts  of 
scale,  as  well  as  the  importance  of  communication  are 
emphasized.  Unit  2  revolves  around  the  interpretation  of 
images  of  the  Earth.  Viewing  Image  of  Weather  from 
Space  and  Familiar  Places  and  Patterns  provide  students  the 
opportunity  to  explore  and  hypothesize  about  conditions  on 
the  Earth.  Optical  images  are  the  source  of  data  for  this 
unit.  The  introduction  to  the  Internet  and  KidSatA"outh 
Enhancing  Space  Data  System  are  the  main  components  of 
Unit  3.  Students  access  optical  images  via  the  Internet 
based  and  use  authoring  software  to  enhance  the  images. 

Mission  Operations 

Acquiring  images  and  videos  of  sites  with  the 
KidSatA'outh  Enhancing  Space  instruments  is  the  primary 
objective  of  the  Mission  Operations  module.  Students 
study  concepts  involved  in  the  acquisition  of  images  from 
an  instrument  in  space  and  basic  mission  operation 
techniques.  These  include  targeting,  flight  operations, 
weather  observation,  current  events,  and  communications. 
Communications  between  Student  Mission  Operations 
Centers  and  Mission  Control  Gateway  is  emphasized  as 
well  as  communication  within  the  SMOC.  Students  will 
predict  the  orbital  paths  of  the  Shuttle  or  Space  Station. 
With  this  mapping  students  decide  optimal  image 
opportunities  based  on  attitude,  weather,  previous 
investigation  of  sites,  and  other  conditions.  Motions  and 
forces.  Earth  rotation,  seasonal  patterns,  meteorology, 
day/night  relationships,  as  well  as  geometry  and  coordinate 
graphing  are  also  emphasized  in  the  module. 

The  Impact  Of  Water  On  Earth 

This  module  introduces  students  to  the  "blue  planet":  its 
population,  resources,  and  environments  that  are  intricately 
related  to  and  dependent  upon  water.  Students  using  images 
from  space  will  investigate  weather,  ice/glaciers,  oceans, 
ecosystems,  and  landforms.  Students  model  scientific 
procedures  through  the  use  of  image  driven  curriculum.  In 
all  cases  curricular  processes  emphasize  content 
acquisitions  from  in  depth  student  investigations.  Each  of 
the  components  of  this  modules  stresses  the 
interdependency  of  the  elements  of  our  planet  as  a  system 
with  complex  interactions.  Students  examine,  identify 
planet  features  and  analyze  the  impact  of  human  interaction 
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on  our  planet.  The  lessons  provide  a  scaffold  for  individual 
student  research  with  open  ended  entry  and  departure  points. 

Future  Modules 

The  lAAY  and  Core  Curriculum  Design  Team  will 
create  additional  modules  each  year.  Currently  under 
development  are  the  Student  Investigations  and  the 
Instrument  Design  Module. 


ASSESSMENT  AND  EVALUATION 

Lessons  contained  in  each  module  have  built  in 
assessment  checkpoints.  Activities  incorporated  into  the 
lessons  and  units  have  prescribed  skill  expectations  to 
determine  each  student*s  understanding  and  progress.  The 
assessments  are  unique  to  each  lesson  or  unit  and  are  based 
on  each  unit's  key  elements  and  goals.  Both  content  and 
process  objectives  are  measured  through  a  variety  of 
methods  including  student  journals,  products,  portfolios, 
and  standardized  assessment.  The  embedded  assessments 
provide  another  diagnostic  opportunity  to  aid  in 
individualizing  curriculum  within  the  lesson/module.  All 
modular  units  include  an  end  of  unit  assessment  point. 
Evaluation  of  student's  understanding  of  the  content  and 
processes  within  a  module  can  be  determined  through  a 
student  project. 

Standardized  assessment  will  be  administered  before  the 
implementation  of  the  curriculum  and  at  the  end  of  the 
program  instruction.  Four  sub-tests  of  the  Comprehensive 
Testing  Program  (CTP  III)  will  be  administered  to  all 
participating  students  at  the  Pilot  School  Sites  as  well  a 
non-participating  comparison  group.  Testing  will  focus 
upon:  Mathematics  Achievement;  Writing  Process 
Achievement;  Verbal  Aptitude;  and  Quantitative  Aptitude. 
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Abstract.  The  Alaska  SAR  Facility  (ASF)  is  now 
downlinking  data  for  science  and  operational  users  from  4 
satellites,  ERS-l  and  -2,  JERS-1,  and  RADARS  AT;  ASF 
thus  processes  data  generated  by  three  non-US  space  agencies, 
ESA,  NASDA,  and  CSA.  All  of  these  satellites  may  well  be 
still  functioning  at  the  turn  of  the  millennium.  Scientific 
plans  are  now  in  place  for  these  data  sets,  and  more 
opportunities  for  their  use  are  planned.  The  future  is  also 
promising:  In  1998  ESA  plans  an  exciting  new  radar,  the 
ASAR,  as  part  of  the  ENVISAT  payload;  in  2000  CSA  plans 
to  launch  and  operate  RADARS  AT  2;  and  in  2001  or  2002 
NASDA  plans  to  launch  ALOS.  These  future  satellite 
programs  promise  increased  observational  capability.  ASF, 
plans  to  provide  users  with  steadily  increasing  quantity  and 
quality  of  data  as  well  as  increased  access  to  higher-level  data 
products  and  specialized  data  sets  such  as  interferometric 
SAR.  Among  the  higher-level  products  envisioned  aie 
weekly,  Arctic-wide  ice  motion,  age,  and  thickness,  a 
complete  RADARS  AT  SAR  map  of  Antarctica,  JERS-1 
mosaics  of  the  Amazon  and  African  rain  forests,  ERS  Tandem 
Mission  fringe  maps  of  Antarctica  and  parts  of  Alaska,  and 
other  user-generated  products.  With  the  increased  coverage 
and  frequency  selection,  the  value  of  fused  data  sets  consisting 
of  SAR  and  other  data  sets  will  be  far  greater.  We  feel  that 
the  next  5-10  years  will  see  the  maturation  of  routine  SAR 
observations  in  a  number  of  exciting  scientific  and 
operational  applications.  Thus,  over  the  next  decade  the 
satellite  radar  data  sets  available  to  researchers  in  the  high 
latitudes  will  evolve  significantly,  especially  if  the  user 
community  can  exert  some  influence  over  flight  agencies  in 
the  area  of  data  availability. 

CURRENT  SITUATION 

The  high  latitudes  traditionally  have  excellent  coverage 
from  satellites.  This  situation  is  partly  the  natural 


consequence  of  the  convergence  of  orbits  of  polar  orbiters  at 
the  poles,  but  that  coincidence  would  not  be  sufficient  as 
active  ground  stations  and  archiving  facilities  are  also 
required  In  the  case  of  satellite  radar  data  sets,  the  ground 
station  support  required  is  demanding  due  to  the  high  data 
rates  and  sophisticated  data  processing  involved.  Motivation 
is  required,  and  it  is  provided  by  the  utility  that  satellite  SAR 
data  sets  have  demonstrated  in  polar  applications. 

There  are  3  radar  ground  stations  in  each  polar  region  and 
additional  stations  in  the  high  sub-polar  regions;  thus,  at  this 
time,  it  is  possible  to  obtain  radar  data  from  any  point 
poleward  of  about  55"^  N  or  S  in  the  form  of  either  L-band  or 
C-band  images  (from  JERS-1  or  ERS-1).  This  is,  by 
comparison  to  much  of  the  world,  exceptionally  good  data 
availability,  and  it  is  augmented  by  good  collection  schemes 
for  visible-light  and  IR  images  and  passive  microwave 
observations  in  addition  to  various  sounding  data.  In  the  case 
of  the  radar  data,  there  are  some  obstacles  to  the  free 
availability  and  exchange  of  data,  and  this  is  an  issue  that 
should  receive  continued  examination  and  vigorous  lobbying 
to  correct  so  that  scientific  use  of  data  is  enhanced. 

ASF  is  responsible  for  data  acquired  at  Fairbanks,  Alaska 
and  McMurdo  Station,  Antarctica.  The  ASF  mask  includes 
an  area  stretching  from  Siberia  to  Oregon,  Alberta,  and  a 
substantial  amount  of  the  Arctic  Ocean,  and  the  McMurdo 
mask  covers  2/3  of  Antarctica  and  a  great  expanse  of  the 
Ross-Amundsen  Seas.  All  data  acquired  at  these  sites  is 
available  to  approved  scientific  users. 

The  current  data  holding  situation  for  ASF  includes  ERS-1 
and  2  and  JERS-1  and  a  collection  of  ice  motion  information 
for  the  Beaufort  Sea  derived  from  ERS-1  winter  data.  Current 
acquisitions  include  ERS-1  and  2  and  JERS-1  including  vapod 
JERS-1  data  from  a  variety  of  locations.  The  ERS-1  data 
collection  started  in  1991;  JERS-1  in  1992.  Data  acquisition 
at  McMurdo  is  from  ERS  and  RADARSAT  and  officially 
began  in  January,  1996,  but  there  are  some  data  acquisitions 
prior  to  that. 


Support  provided  by  NASA  through  contracts  to  Caltech  and  the  University  of  Alaska  Fairbanks 
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ERS-1+2  TANDEM  MISSION 

By  far  the  most  exciting  development  to  date  in  high- 
latitude  SAR  opportunities  is  the  ERS  Tandem  Mission 
(ETM)  in  which  ERS  1  and  2  fly  in  identical  orbits  with  a 
time  interval  of  1  day  between  their  coverage.  This  data  set  is 
ideal  for  interferometric  analysis  and  will  be  useful  for  DEM 
generation  and  for  observing  environmental  changes  such  as 
ice  stream  motion  and  volcanic  and  seismic  deformation. 

The  objective  of  ETM  was  to  map  the  Earth’s  land-surfaces 
5-6  times  in  descending  passes  augmented  with  ascending 
passes  where  terrain  would  call  for  the  additional  acquisitions. 
ASF  requested  that  extra  ascending  data  be  acquired  (or 
Antarctica  and  some  of  the  Alaska  mask  so  that  ice  vector 
motion  could  be  better  determined.  (Interferometry  is 
sensitive  only  to  the  motion  along  the  transmit  vector;  two 
measurements  are  required  to  resolve  horizontal  motion.)  In 
Antarctica  the  ETM  data  will  allow  terrain  correction  of  the 
SAR  images  themselves  with  the  consequence  that  ihis  iLiia 
can  be  analyzed  for  geologic  and  tectonic  information.  Also, 
the  ETM  data  over  the  ice  sheets  will  resolve  titeir 
topography  in  the  steeply-sloping  regions  where  satellite 
altimetry  is  not  applicable. 

ASF  now  holds  the  Alaska  mask  ETM  data  and  some  of 
the  McMurdo  mask  data,  and  the  remainder  of  the  McMurdo 
data  will  be  in  hand  by  year’s  end.  The  data  set  will  be  so 
large  that  the  processing  and  analysis  of  it  will  ra|uirc  several 
years,  but  the  results  will  be  exciting  and  useful. 

RADARSAT 

RADARS  AT  was  launched  in  November,  1995  and  has 
been  in  commissioning  phases  until  early  this  month  (May, 
1996).  There  are  approximately  50  Applications 
Development  and  Research  Opportunity  (ADRO) 
investigators  associated  with  the  US  component  of  tlie 
program,  which  is  supported  with  data  by  ASF.  These 
programs  stress  the  polar  regions,  but  they  are  global  in 
distribution.  Data  acquired  for  the  research  program  by  ASF 
will  be  available  to  investigators  whose  research  proposals  arc 
accepted;  these  can  be  submitted  to  ASF  at  any  time. 
RADARSAT  represents  an  advance  in  the  S Ai'i  data  availal^lc 
to  users  in  that  there  are  some  26  beams  including  ScanSAR 
which  has  quite  wide  swath,  up  to  500  km.  The  betun 
selection  also  includes  the  capability  to  observe  a  site  at  a 
variety  of  incidence  angles.  As  discussed  below, 
RADARSAT  data  acquisitions  already  planned  will  extend 
new  type  of  radar  data  product,  repeat  large-scale  mappings. 

RAMP. 

A  key  aspect  of  the  RADARSAT  program  is  the 
RADARSAT  Antarctic  Mapping  Project  (RAMP)  which  is 


described  further  in  other  papers  in  these  Proceedings,  RAMP 
will  result  in  two  complete  mappings  of  Antarctica,  and  they 
will  be  merged  into  maps  of  the  entire  continent.  The  first 
mapping  is  planned  to  occur  in  October,  1996.  ASF  will 
also  make  available  the  original  SAR  frames  from  which  the 
maps  will  be  derived. 

RGPS  and  the  Arctic  Snapshot. 

Another  key  RADARSAT  data  set  will  be  the  “Arctic 
Snapshot,”  a  sequence  of  ScanSAR  swaths  acquired  over  2 
days  which  will  cover  the  entire  Arctic  Ocean  on  a  weekly 
basis.  This  data  set  is  for  use  in  the  RADARSAT 
Geophysical  Processing  System  (RGPS)  which  has  the  long¬ 
term  goal  of  estimating  surface  heat  and  brine  fluxes  for  the 
northern  ice-covered  seas.  Generating  a  complex,  long-term, 
basin-scale  geophysical  data  set  from  routine  SAR 
observations  has  never  been  attempted  previously;  it  is  a 
significant  challenge.  The  RGPS  is  now  in  development 
phase  for  operation  in  the  1997-98  timeframe.  When 
operational  the  RGPS  may  be  implemented  at  ASF  so  that 
daui  can  How  immediately  from  the  SAR  processor  to  be 
processed  into  geophysical  products  and  go  to  the  user 
community.  The  Arctic  Snapshot  will  also  be  utilized  in  the 
ice  monitoring  activity  of  the  National  Ice  Center,  and,  of 
course  these  data  sets  will  also  be  available  to  approved 
.scientillc  users. 

ENVISATandALOS 

From  a  strong  current  position  in  SAR  observations,  ASF 
is  planning  for  enhanced  capability  in  future.  Crucial  to  this 
future  is  access  to  the  next  generation  of  satellite  SAR  data, 
in  particular  to  ASAR  on  ENVISAT,  planned  for  flight  by 
ESA  in  1998  or  1999,  and  ALOS,  planned  for  flight  by 
NASDA  in  2001  or  2002.  ASAR  will  continue  the  ESA  use 
of  C-band  and  will  include  incidence  angle,  polarization  and 
swath  selection  including  a  ScanSAR  mode.  ALOS  is 
planned  to  be  a  fully  polarimetric  L-band  system.  At  present 
the  requisite  international  agreements  have  not  been  signed  to 
make  ASF  an  approved  ground  station  for  these  systems,  but 
it  is  anticipated  and  hoped  that  this  will  occur. 

CONCLUSION 

ASF  is  a  key  resource  supporting  polar  research  and 
operations  with  SAR  data  and  products.  Ongoing  activities 
arc  vital  and  interesting,  and  the  future  holds  enormous 
promise.  These  SAR  data  sets  should  receive  ever  increasing 
attention  in  the  generation  of  high-level  data  products  for  use 
in  studies  of  climate,  air-sea-ice  interactions,  seismic  and 
volcanic  deformation,  northern  ecosystems,  and  operations. 
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INTRODUCTION  These  errors  are  largely  a  result  of  inaccuracies  in  cloud 


An  analysis  of  the  spatial  and  temporal  variations  of  the 
polar  radiation  budget  will  undoubtedly  require  the  use  of 
multi-spectral  satellite  data.  How  well  we  can  estimate  the 
radiation  balance  depends  on  how  well  we  can  estimate  the 
physical  and  microphysical  properties  of  the  surface  and  atmo¬ 
sphere  that  directly  affect  it;  e.g.,  surface  temperature  and 
albedo,  cloud  particle  effective  radius,  cloud  optical  depth, 
cloud  thickness  and  cloud  height.  However,  the  retrieval  of 
cloud  and  surface  parameters  is  particularly  problematic  at 
high-latitudes.  Here  we  examine  our  current  ability  to  retrieve 
these  geophysical  parameters  using  visible  and  thermal  satel¬ 
lite  data,  in  particular  the  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  on-board  the  NOAA  polar-orbiting  sat¬ 
ellites.  Both  empirical  and  theoretical  methods  used  in  their 
retrieval  are  briefly  described  and  the  expected  accuracy  for 
each  of  these  parameters  is  quantified.  On  the  basis  of  our 
uncertainty  analysis  we  speculate  on  the  utility  of  estimating 
radiative  fluxes  derived  from  satellite  data  for  the  study  of  cli¬ 
mate  change  in  polar  regions. 

PARAMETER  RETRIEVAL 

In  this  section  we  ascribe  uncertainties  to  each  of  the  sur¬ 
face  and  cloud  parameters  that  are  used  in  the  computation  of 
radiative  fluxes.  The  parameter  retrieval  algorithms  are 
described  elsewhere  [1]  [2]. 

Skin  temperature  and  surface  albedo  summarize  the 
physical  aspects  of  the  surface  such  as  snow  and  ice  thickness, 
grain  size,  and  water  content.  They  occur  explicitly  in  the 
energy  balance  equation,  and  therefore  their  retrieval  from  sat¬ 
ellite  data  is  desirable.  From  what  little  validation  data  are 
available  (e.g.,  [3]  [4]  [1]),  errors  in  clear  sky  1ST  are  on  the 
order  of  0.5  K  for  summer  and  0.5-2  K  for  winter  conditions. 


This  work  was  supported  by  NASA  grant  NAGW-2407 
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detection,  which  is  particularly  problematic  when  lower  tropo¬ 
spheric  ice  crystals  are  present.  Equating  the  clear  sky  tem¬ 
peratures  to  cloudy  sky  conditions,  necessary  because  the 
temperature  under  cloud  cover  cannot  be  obtained  from  ther¬ 
mal  data,  introduces  additional  error. 

Narrow-band  surface  albedo  or  reflectance  is  retrieved  by 
correcting  the  satellite  radiance  or  albedo  for  atmospheric 
attenuation,  and  further  correcting  it  for  anisotropic  reflec¬ 
tance  of  the  surface.  These  steps  were  followed  by  [5]  where 
satellite-derived  albedos  were  compared  to  in  situ  data.  Cali¬ 
bration  is  the  largest  source  of  uncertainty,  with  unknown 
aerosol  amounts  and  questionable  anisotropic  reflectance  fac¬ 
tors  being  important  contributors.  Uncertainty  is  on  the  order 
of  0.05,  absolute. 

Because  the  retrieval  of  surface  temperature  and  albedo  as 
described  above  are  done  for  clear  sky  only,  accurate  cloud 
detection  is  critical.  Our  error  assessment  for  cloud  detection 
here  assumes  a  spectral  thresholding  method,  but  one  that 
incorporates  time;  i.e.,  the  temporal  variability  of  each  loca¬ 
tion  is  examined  under  the  assumption  that  clear  sky  spectral 
characteristics  will  change  little  over  short  periods  of  time  [1]. 
With  this  procedure  we  estimate  the  error  in  cloud  fraction 
to  be  0.1  absolute  during  the  polar  day  and  0.15  during  the 
polar  night. 

Cloud  particle  effective  radius  Re  and  optical  depth  can 
be  estimated  using  multi-band  reflectances  during  the  day  and 
brightness  temperature  differences  at  night.  Due  to  uncertain¬ 
ties  in  the  shortwave  channel  calibration,  the  small  signal  to 
noise  ratio  in  channel  3  (3.7  |am)  at  low  temperatures,  and 
cloud  phase  uncertainties,  we  place  a  potential  error  of  50%  on 
optical  depth  and  errors  of  2  |im  and  10  |am  for  water  and  ice 
cloud  effective  radii,  respectively. 

Cloud  top  height  and  temperature  are  determined  from 
the  channel  4  brightness  temperature,  the  temperature  profile, 
and  the  cloud  optical  depth.  The  uncertainty  in  cloud  top 
height  is  approximately  400  m  in  summer  water  clouds  and 
1500  m  in  winter  ice  clouds. 
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Other 

In  this  study  it  is  assumed  that  TOYS  data  are  only  being 
used  to  provide  temperature  and  humidity  profiles,  although  it 
can  also  be  used  in  the  retrieval  of  cloud  parameters  [6].  It  has 
been  found  that,  while  low-level  inversions  can  be  retrieved, 
they  are  generally  less  intense.  Also,  summer  retrievals  are 
better  than  winter  retrievals.  We  use  errors  in  the  temperature 
profile,  T(z},  determined  for  typical  winter  conditions,  of  a  few 
degrees  in  the  lower  troposphere  to  less  than  one  degree  in  the 
mid-  and  upper  troposphere  (S.J.S.  Khalsa,  personal  commu¬ 
nication,  1994).  No  quantitative  assessment  of  the  uncertainty 
in  the  humidity  profile  has  been  done,  so  precipitable  water,  W, 
is  varied  by  plus  and  minus  20%. 

Total  column  ozone  amount,  O3,  can  also  be  obtained  from 
TOYS,  although  its  accuracy  is  unknown  to  the  authors.  Cli¬ 
matological  means  plus  and  minus  one  standard  deviation  are 
used  for  summer  and  winter  sensitivity  tests.  Aerosol  optical 
depth  T^er  general  not  retrievable  from  the  AYHRR  over 
highly  reflective  surfaces  such  as  snow  and  ice.  Two  cases  are 
examined,  one  with  a  high  aerosol  loading  in  the  troposphere, 
Tj^,  and  one  with  a  high  volcanic  loading  in  the  stratosphere,  Ty. 

FLUX  SENSITIYITIES 

The  estimated  uncertainties  in  the  retrieved  values  of  sur¬ 
face  and  cloud  properties  are  now  used  to  assess  the  accuracy 
with  which  surface  radiative  fluxes  can  be  estimated  using  sat¬ 
ellite  data.  We  present  surface  net  radiative  fluxes  computed 
using  typical  values  of  these  parameters  plus  and  minus  the 
stated  uncertainties.  Net  radiation,  rather  than  upwelling  or 
downwelling  fluxes,  is  examined  since  this  is  what  ultimately 
affects  the  surface  energy  balance.  Results  are  summarized  by 
season  for  clear  and  cloudy  conditions.  In  the  clear  sky  analy¬ 
ses,  snow  and  open  water  surfaces  are  considered  separately. 
The  radiative  transfer  model  used  is  described  in  [7]. 

Clear  Sky 

Tables  1  and  2  list  the  parameters  used  in  the  net  flux  sensi¬ 
tivity  studies  for  typical  Arctic  summer  and  winter  clear  sky 
conditions.  Snow  and  open  water  surfaces  are  considered  sep¬ 
arately.  Also  given  are  the  estimated  uncertainties  in  the 
retrieved  values  using  the  AYHRR  as  the  primary  instrument. 
The  effects  of  the  uncertainties  on  the  surface  net  flux  are 
listed  as  the  percent  difference  from  the  baseline  case. 

It  is  clear  from  the  tables  that  expected  errors  in  the 
retrieval  of  surface  temperature  and  albedo  yield  the  largest 
uncertainty  in  the  surface  net  flux  under  clear  sky  conditions. 
This  is  particularly  true  for  snow  surfaces.  Aerosols,  on  the 
other  hand,  play  an  important  role  in  the  radiation  balance 
over  open  water  since  they  increase  the  planetary  albedo  and 
decrease  the  downwelling  shortwave  flux.  Note  also  that 
increased  aerosol  amounts  have  opposite  effects  on  the  net 
flux  in  summer  and  winter  over  open  water.  In  summer  an 


increase  in  aerosol  amount  decreases  the  net  flux  at  the  sur¬ 
face,  whereas  in  winter  the  net  flux  would  increase  due  to  the 
increase  in  the  downwelling  longwave  flux.  In  winter  esti¬ 
mated  errors  in  the  temperature  profile  retrievals  have  a  signif¬ 
icant  effect  on  the  surface  radiation  balance.  In  the  range  of 
ozone  considered  (plus  and  minus  one  standard  deviation), 
this  parameter  is  relatively  unimportant  for  net  flux  calcula¬ 
tions. 


Table  1.  Net  flux  sensitivities  for  clear  summer  over  snow  and 
over  open  water. 


Parameter 

Baseline 

Yalue 

Error 

(J) 

Uitterence 

(%) 

- SNOW: 

Ts  (K) 

272 

1 

16 

a,  (0.6  m) 

0.90 

0.05 

49 

O3  (g  ni-2) 

7.15 

0.1 

<0.1 

W(mm) 

11 

20% 

0.6 

0.660 

10% 

1 

tv 

0.30 

10% 

1 

WATER: 

T,  (K) 

271.4 

1 

2 

0.07 

0.05 

5 

O3  (g  m-2) 

7.15 

0.1 

<0.1 

W(mm) 

11 

20% 

0.3 

0.660 

10% 

3 

0.30 

10% 

2 

Table  2.  Net  flux  sensitivities  for  clear  winter  over  snow  and 
over  open  water. 

Parameter 

Baseline 

Error 

Diirerence 

Yalue 

(1) 

(%) 

- SNOW! - 

Ts  (K) 

242 

3 

17 

O3  (g  m-2) 

111 

0.36 

<0.1 

W(mm) 

2 

20% 

4 

0.660 

10% 

3 

0.30 

10% 

2 

T(z)  (K) 

245 

+ 

10 

WATER: 

Ts  (K) 

212 

1 

3 

O3  (g  m-2) 

7.22 

0.36 

<0.1 

W(mm) 

2 

20% 

1 

0.660 

10% 

1 

tv 

0.30 

10% 

0.5 

Cloudy  Sky 

Results  for  the  cloudy  sky  tests  are  given  in  Tables  3  and  4. 
As  in  the  clear  sky  cases,  probable  errors  in  the  retrieval  of 
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surface  teinperature  and  albedo  have  a  large  effect  on  the  net 
surface  flux.  Errors  in  cloud  effective  radius  and  cloud  thick¬ 
ness  are  acceptable  for  summer  conditions,  but  need  to  be 
reduced  for  wintertime  studies.  Cloud  amount  and  optical 
depth  also  exert  a  significant  influence  on  the  net  flux  and  their 
retrievals  from  satellite  data  need  to  be  improved. 


Table  3.  Net  flux  sensitivities  for  cloudy  summer  (stratus). 


Parameter 

baseline 

Value 

Error 

(S) 

Ditterence 

(%) 

T7(K) 

— 268 

4 

a,  (0.6  m) 

0.87 

0.05 

15 

03  (g  m-2) 

7.15 

0.1 

<0.1 

W(mm) 

11 

20% 

<0.1 

Re  ( m) 

8 

2 

2 

Zc(m) 

1200 

400 

2 

Ac 

0.7 

0.1 

4 

X. 

2.5 

1.25 

8 

Table  4.  Net  flux  sensitivities  for  cloudy  winter  (cirrus). 

Parameter 

baseline 

brror 

uitterence 

Value 

© 

(%) 

- T7TK) 

— 247 

4 

23 

O3  (g  m-2) 

7.22 

0.36 

<0.1 

W(mm) 

2 

20% 

3 

Re(m) 

40 

10 

2 

Zc  (m) 

7500 

1500 

3 

Ac 

0.5 

0.15 

6 

C 

'Cc 

1.5 

0.75 

8 

CONCLUSIONS 

The  sensitivity  of  the  net  surface  radiation  flux  to  esti¬ 
mated  errors  in  satellite  retrievals  of  surface  temperature  and 
albedo  imply  that  improvement  in  these  algorithms  is  needed. 
Results  indicate  that  errors  in  the  retrievals  are  largely  a  result 
of  uncertainties  in  cloud  masking  and  the  calibration  of  the 
AVHRR  shortwave  channels,  affecting  primarily  the  estimates 
of  surface  temperature,  surface  albedo,  and  cloud  optical 
depth.  Validation  studies  using  hourly  surface  radiation  mea¬ 
surements  at  Barrow,  Alaska  indicate  that  on  a  point-by-point 
basis  the  net  surface  radiative  flux  can  be  estimated  to  within 
about  10%.  We  can  expect  some  improvement  on  this  when 
data  are  averaged  over  time  and  space  but,  since  many  of  the 
uncertainties  are  not  Gaussian  (e.g.,  calibration  errors  will 
introduce  a  bias),  errors  will  not  average  out. 


Future  work  should  include  the  validation  of  retrieval  algo¬ 
rithms,  particularly  for  cloud  properties,  using  in  situ  data 
from  experiments  such  as  BASE  (Beaufort  and  Arctic  Storms 
Experiment)  and  SHEBA  (Surface  HEat  Budget  of  the  Arctic 
Ocean).  These  field  campaigns  will  allow  us  to  better  quan¬ 
tify  retrieval  accuracies  for  individual  parameters  as  well  as 
the  combined  accuracy  of  radiative  flux  estimates. 
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Abstract  -  Using  AVHRR  1  and  2  data,  the  spatial  and  seasonal 
variability  of  sea  ice  visible  and  infrared  albedo  is  examined 
through  non-standardized  principal  component  analysis  (PCA). 
PCA  reveals  the  importance  of  the  time  of  ice  consolidation  in 
controlling  the  spatial  and  temporal  variability  of  sea  ice  albedo 
during  the  spring  melt  season. 

INTRODUCTION 

In  this  paper,  we  utilize  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  visible  channel  1  (0.58-0.68  pm)  and 
near-infrared  channel  2  (0.72-1.1  pm)  to  characterize  the 
regional  variability  of  broadband  visible  (0.28-0.69  pm)  and 
infrared  (0.7-4.0  pm)  sea  ice  albedo  over  the  entire  spring 
melt  season.  Our  objective  is  to  describe  the  spatial  and 
temporal  variability  of  sea  ice  albedo  in  a  fast  ice  regime.  To 
this  end,  we  use  principal  component  analysis  (PCA)  to 
identify  the  major  and  minor  scale  variance  structures  in  a 
multitemporal  satellite  albedo  dataset  collected  during  the 
1993  Sea  Ice  Monitoring  and  Modelling  Site  (SIMMS) 
experiment. 

SITE  DESCRIPTION  AND  SURFACE  MEASUREMENTS 

SIMMS  ‘93  was  located  in  Resolute  Passage  (74°41.rN, 
95“35.22’W),  N.W.T.  in  the  Canadian  Arctic  Archipelago. 

The  experiment  is  located  in  the  middle  of  an  early 
consolidation  regime,  the  Barrow  Strait  regime,  and  a  late 
consolidation  area  known  as  the  Lancaster  Sound  regime 
(see  fig.  1).  The  Barrow  Strait  regime  consolidates  in 
Januaiy  and  the  Lancaster  Sound  regime  can  consolidate  as 
late  as  April.  As  a  result,  the  area  contains  fast  sea  ice  that 
varies  widely  in  terms  of  age  and  morphological 
characteristics.  Intensive  surface  observations  were  made 
primarily  at  intensive  sampling  sites  located  in  the  middle  of 
these  two  zones  from  April  22  to  June  22.  A  further 
description  of  the  surface  measurements  can  be  found  in  [1]. 

AVHRR  SATELLITE  DATA 

Canada’s  Atmospheric  Environment  Service  (AES)  provided 
us  with  geocorrected  NCAA  12  AVHRR  data  registered  to  a 
common  map  projection.  The  following  clear  sky  data  are 
used  for  multitemporal  analysis:  April  30,  May  3,  June  4, 


June  9,  June  16,  June  20,  July  7  and  July  29.  The  data  span 
the  entire  melt  season.  Visible  and  infrared  surface  albedos 
were  extracted  from  raw  satellite  data  using  the  method 
described  in  [2]  with  the  following  two  exceptions. 
Coincidental  Landsat  Thematic  Mapper  data  were  used  to 
update  the  NOAA  12  AVHRR  1  and  2  pre-launch  calibration 
and  the  narrow  to  broadband  conversion  was  performed  after 
the  atmospheric  correction  to  produce  broadband  visible  and 
infrared  albedos.  The  satellite-derived  albedos  resemble 
closely  the  in  si  tM-measurements  and  are  considered  accurate 
to  +0.05  albedo  units. 

PRINCIPAL  COMPONENT  ANALYSIS 

Principal  component  analysis,  or  eigenvector  analysis,  has 
been  used  extensively  in  the  remote  sensing  community  as  a 
means  of  image  enhancement,  image  compression  and 
change  detection  in  multitemporal  image  data.  More 
specifically,  in  the  polar  remote  sensing  community,  this 
technique  has  been  utilized  to  examine  the  variability  and 
interrelationships  of  sea  ice  and  various  atmospheric 
variables  [3]  and  towards  the  classification  of  sea  ice  [4]. 

In  this  investigation,  PCA  is  used  to  identify  the  underlying 
multitemporal  dimensionalily  of  the  satellite-derived  albedo 
dataset.  Since  we  are  concerned  with  the  changes  that  are 
attributed  to  time,  we  perform  the  analysis  on  the  visible  and 
infrared  data  separately  to  eliminate  the  spectral  component. 
Since  the  albedo  data  are  commensurable,  principal 
components  of  the  data  are  extracted  from  the  covariance 
matrix  of  the  respective  broadband  data.  In  table  1,  the 
calculated  eigenvalues  for  each  component  are  given  as  a 
percentage  of  the  total  variance.  The  first  three  components 
explain  over  ninety  percent  of  the  albedo  variation  over  the 
sampled  period.  In  order  to  aid  in  interpreting  these 
components,  we  calculate  the  component  loadings  for  each 
image  dataset,  i.e.  the  correlation  of  each  image  with  each 
component.  These  loadings  are  presented  graphically  in  fig. 

2  for  the  first  three  components  of  each  band.  The  first  two 
components  of  the  visible  and  infrared  albedo  are  contoured 
in  figs.  3  and  4  respectively.  Our  first  interpretation  of  these 
data  is  presented  below.  In  this  limited  space,  we  restrict  our 
analysis  to  only  the  first  two  components  of  each  band. 
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INTERPRETATION  OF  PRINCIPAL  COMPONENTS 
Visible  Albedo 

The  visible  albedo  of  sea  ice  is  sensitive  to  the  scattering 
characteristics  of  the  sea  ice  volume.  Surface  observations 
indicate  that,  when  covered  by  snow,  sea  ice  visible  albedo 
was  typically  high  ranging  from  0.7-0.95  [1]  However,  the 
seasonal  ablation  of  the  snow  volume  and  the  decay  of  the 
ice  cover  rapidly  decreased  this  albedo  with  time. 

The  first  component  represents  sixty  percent  of  the  variance 
in  the  dataset  and  suggests  that,  in  1993,  visible  albedo  was 
most  variable  from  April  to  the  end  of  June  when  the  snow- 
covered  sea  ice  (av/j=0.92)  transformed  into  low-albedo  melt 
ponds  (av/i=0.40).  The  component  image  essentially 
describes  visible  albedo  integrated  over  the  season.  The 
mapped  scores  highlight  those  ice  areas  responsible  for  most 
of  the  seasonal  variation  in  visible  albedo.  Generally,  rough 
ice  areas  and  near  shore  areas  score  high  in  this  component. 
All  of  these  areas  are  within  the  early  consolidation  zone  and 
all  have  appreciable  snow  volumes  (>20  cm).  Significantly, 
melt  ponds  formed  first  and  were  extensive  in  these  areas. 
Conversely,  in  the  late  consolidation  area,  melt  ponds  did 
not  begin  to  form  imtil  after  June  20. 

The  second  component  loads  positively  on  June  20  and 
negatively  on  July  7.  This  component  captures  an  interesting 
late  season  albedo  pattern.  The  loadings  suggest  an  inverse 
in  albedo  patterns  for  these  two  dates  which  is  defined 
spatially  by  the  time  of  ice  consolidation.  In  the  early 
consolidation  area,  surface  albedo  slightly  increased  in  melt 
areas  as  melt  water  drained  leaving  behind  a  higher  albedo 
ice  surface.  However,  in  the  late  consolidation  area,  the 
visible  albedo  of  the  white  ice  surface  decreased  from  0.61  to 
0.32  as  the  ice  surface  melted  and  surface  ponding  finally 
began  to  form  in  this  area.  New  areas  of  open  water  (shore 
leads)  also  scored  similarly  to  these  areas. 

Infrared  Albedo 

Due  to  the  absorptive  properties  of  ice  and  water,  the 
infrared  albedo  of  sea  ice  is  controlled  by  the  conditions  of 
the  very  near  surface  layers  of  sea  ice.  Infrared  sea  ice 
albedo  decreases  steadily  throughout  the  melt  season  as 
snowpack  grain  size  and  the  amount  of  surface  water 
increases. 

The  first  infrared  principal  component  loads  positively  on  all 
dates  and  most  heavily  on  the  dates  June  9,  16  and  20. 
Essentially,  like  the  first  visible  component,  this  component 
image  represents  infrared  albedo  integrated  over  the  melt 
season  and  describes  the  general  pattern  of  infrared  albedo 


over  this  period.  The  dominant  June  period  covers  the  onset 
and  extent  of  surface  ponding  in  the  early  consolidation  area. 
This  component  suggests  that  the  infrared  albedo  is 
consistently  lower  in  the  early  consolidation  zone  and  this 
pattern  is  somewhat  dependent  on  the  extensive  ponding  in 
this  ice  regime. 

The  second  component  accounts  for  24  %  of  the  seasonal 
variation  and  appears  to  load  heavily  on  those  dates  (April 
30,  May  3  and  June  4)  when  the  ice  in  the  region  was 
predominantly  covered  by  snow.  This  suggests  that  the 
component  describes  the  variability  in  infrared  albedo  when 
melt  ponds  were  absent.  Since  infrared  snow  albedo  is 
sensitive  to  snow  grain  size,  the  component  image  is  most 
representative  of  snow  conditions.  Sigmficant  is  the  fact  that 
the  component  image  shows  a  spatial  structure  similar  to 
that  of  component  1,  i.e.  the  sharp  distinction  between  the 
consolidation  zones.  This  suggests  that  these  consolidation 
zones  also  drive  the  spatial  pattern  of  infrared  albedo  early  in 
the  year  through  their  distinctive  snow  conditions. 

CONCLUDING  REMARKS 

This  investigation  has  highlighted  the  importance  of  ice 
consolidation  in  controlling  the  spring  patterns  of  sea  ice 
albedo.  In  1993,  early  consolidation  areas  had  significantly 
deeper  snow  volumes  due  to  their  propensity  for  snow 
catchment.  As  a  result,  surface  ponds  appeared  first  and 
were  more  extensive  in  these  zones.  This  appears  to  be  the 
most  important  environmental  factor  behind  the  pattern  of 
sea  ice  albedo  in  the  SIMMS  ‘93  experiment  region. 
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Table  1.  Eigenvalues  (X)  of  Covariance  Matrix  for  Visible 
and  Infrared  Albedo.  Note:  %  refers  to  percentage  of  total 
variance  explained  by  component 


Principal  Visible  Albedo  Infrared  Albedo 


Component 

X 

% 

X 

% 

1 

0.024 

59.9 

0.016 

65.0 

2 

0.010 

23.6 

0.006 

23.9 

3 

0.004 

10.5 

0.001 

4.2 

4 

0.001 

2.8 

0.001 

3.7 

5 

0.001 

1.4 

0.001 

2.1 

6 

0.001 

1.1 

0.000 

0.6 

7 

0.000 

0.5 

0.000 

0.4 

8 

0.000 

0.2 

0.000 

0.2 

(b) 


Fig.  1.  SIMMS  Experiment  Region 
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Fig.  3.  Mapped  visible  albedo  components  (a)  1  and  (b)  2. 
(a)  (b) 


Fig.  2  Component  loadings  for  (a)  visible  albedo  and  (b) 
infrared  albedo 


Fig.  4  Mapped  infrared  components  (a)  1  and  (b)  2. 
(a)  (b) 
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ABSTRACT 

Trends  in  the  annual  minimum,  minimum  monthly- 
mean,  and  the  sea  ice  extent  at  the  end  of  August  were 
investigated  for  the  Barents  and  western  Kara  Seas  and 
adjacent  parts  of  the  Arctic  Ocean  during  1966  to  1994 
using  data  from  Russian  ice  maps  (1974-1994),  Kosmos- 
Okean  and  ALMAZ  SAR  satellite  series  (1984-1994),  and 
published  literature.  Four  definitions  of  sea  ice  extent 
were  examined  based  on  thresholds  of  ice 
concentration:  >  90%,  >  70%,  >  40%  and  >  10%  (El,  E2, 
E3,  and  E4,  respectively).  Root-mean-square  differences 
between  sea  ice  maps  and  satellite-image  sea  ice 
classifications  for  coincident  areas  were  subjected  to 
Monte-Carlo  analyses  to  construct  confidence  intervals  for 
the  20-year  ice-map  trends.  With  probability  p=0.8,  the 
average  20-year  change  in  the  minimum  monthly-mean 
sea  ice  extent  (followed  in  brackets  by  the  average  change 
in  the  absolute  annual  minimum  ice  extent)  was  between 
30-60%  [19-71%],  29-61%  [15-67%],  31-63%  [18-69%] 
and  18-48%  [7-55%]  in  the  Barents  sea;  (-24)-(-4)% 
[(-25)-(12)%],  (-27)-(-9)%  [(-34)-(-4)%],  (-32)-(-15)% 
[(-39)-(-9)%]  and  (-33)-(-15)%  [(-38)-(-8)%]  in  the 
western  Kara  sea;  and  (-3)- 19%  [(-8)-29%],  (-4)-18% 
[(-ll)-26%],  (-6).16%  [(-ll)-24)%]  and  (-7)-15%  [(-12)- 
24%]  in  the  combined  Barents  and  Kara  Seas,  for  sea  ice 
concentration  E1-E4,  respectively.  Including  published 
data  from  1966-1983,  the  trend  in  minimum  monthly- 
mean  sea  ice  extent  for  the  combined  30-year  period 
showed  an  average  increasing  of  1 1.8%  in  the  Barents  Sea 
and  of  47.4%  reduction  in  the  western  Kara  Sea  ;sea  ice 
extent  at  the  end  of  August  showed  an  average  reduction 
of  4.7%  in  the  Barents  Sea. 

INTRODUCTION 

A  number  of  studies  have  suggested  that  changes  in  the 
global  average  air  temperature  might  be  detectable  by 
observing  changes  in  the  extents  of  the  polar  sea  ice 
covers  [l]-[3].  Minimiun  ice  extent  and  ice  concentration 
during  the  summer  provide  indirect  information  required 
the  evaluate  heat  and  humidity  fluxes  between  the  ocean. 


the  atmosphere  and  the  perennial  ice  pack.  One  sensitive 
region  in  the  context  of  global  change  is  the  Barents-Kara 
Seas  and  adjacent  parts  of  the  Arctic  Ocean.  Documenting 
variations  in  the  annual  minimum  ice  extent  and 
concentration  is  important  for  establishing  baseline  data, 
for  understanding  historical  periodicity,  and  for 
investigating  long-term  trends.  However,  long-term  trends 
derived  from  ice  maps  are  fixed  estimates  without 
variance.  In  our  previous  work  [2]  satellite  data  were  used 
to  estimate  confidence  intervals  for  the  1984-1993  map- 
derived  ice  trends  in  the  Barents-Kara  Seas.  The  reported 
work  describes  the  results  of  using  object-oriented  satellite 
data  processing  techniques  to  estimate  the  efficiency  of 
Kosmos-Okean  satellite  data  for  investigating  variability 
in  Arctic  Sea  Ice  distribution  and  documenting  variations 
in  annual  minimum  Sea  Ice  extent,  concentration, 
confidence  intervals  for  the  1974-1994  map-derived  ice 
trends  in  the  Barents-Kara  seas,  to  examine  long-term 
trend  during  a  30-year  period  (1966-1995)  based  on  [3]. 

METHODOLOGY 

The  study  area  included  the  Barents  and  Kara  Seas,  and 
adjacent  parts  of  the  Arctic  Ocean  (70N,  20E;  84N,  86E). 
Two  subregions  encompassing  the  Barents  and  western 
Kara  Seas  were  analyzed  separately  for  comparability  with 
results  reported  in  [3].  Remote  sensing  data  were  collected 
by  the  satellites  Kosmos-1500,  1766,  1869,  Okean-01-06, 
and  ALMAZ  SAR  (32  distal  images,  1984-1994).  The 
Kosmos-Okean  polar-orbiting  satellite  series  data  include 
simultaneously  recording  passive  microwave  (RM-08,  0.8 
cm  wavelength,  500  km  swath  width,  15  km  resolution), 
side-looking  radar  (SLR,  3.0  cm  wavelenght,  450  km 
swath  width,  1.2  km  resolution)  and  optical  (MSU-M, 
fom  visible  and  near-infrared  ban&,  900  km  swath  width, 
1.0  km  resolution)  imagery.  Almaz  SAR  (9.6  cm 
wavelength,  11m  resolution)  data  included  four  images 
(19.07.91)  [2].  Ice  maps  (1:5,000,000  scale)  for  10-day 
intervals  (July  through  October,  1974-1995)  were 
manually  derived  from  (depending  on  availability) 
shipboard  and  aircraft  observations,  Scandinavian  and 
American  ice  maps,  and  Russian  and  American  satellite 
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data.  Minimum  ice-extent  data  in  the  Barents  and  western 
Kara  Seas  for  the  period  1966-1983  were  extracted  from 
[3], 

The  sea-ice  extent,  surface  characteristics,  and  trends 
were  studied  with  using  geographical  and  remote  sensing 
data  bases.  For  this  goal  problem-oriented  Data  Processing 
System  has  been  developed.  It  included:  Okean-Almaz 
Imagery,  Control  points  and  Sea  Ice  databases;  Image 
Restoration,  Data  Interpretation  and  Statistical  Analysis 
Subsystems.  The  databases  include,  respectively,  a  set  of 
satellite  images  for  the  period  1984-1994  (July-October) 
and  a  set  of  ice  maps  for  the  period  1974-1994  (July- 
October)  digitized  into  ARC/INFO  database.  For  each 
year,  1974-1994,  the  total  area  covered  by  sea  ice  was 
quantified  for  the  absolute  annual  minimum,  the 
minimum  monthly-mean,  and  the  sea  ice  extent  at  the  end 
of  August.  Four  definitions  of  ice  extent,  based  on  ice 
concentration,  were  considered:  El=>90%,  E2=>70  %, 
E3=>40%  and  E4=>10%.  Imagery  analysis  included 
radiometric  calibration  and  georegistration.  Derivative 
bands  vere  calculated  for  Okean  data  that  included  SLR/ 
RM-08  ratio  and  the  first  principal  component  (PCI)  of 
RM-08,  SLR  and  MSU-M.  Supervised  ice  classification 
procedures  were  developed  using  randomly  selected 
training  polygons  extracted  from  corresponding  ice  maps. 
An  algorithm  was  developed  with  minimum  loss  function 
criteria  [2]  to  ascertain  the  most  eflBcient  classification 
procedure  for  discriminating  five  ice  concentration 
classes:  <10%,  10-40%,  40-70%,  70-90%  and  >90%. 
Differences  between  the  satellite-derived  classifications 
and  the  ice  maps  were  calculated  and  the  results  were  used 
in  a  Monte-Carlo  analyses  to  statistically  estimate 
confidence  limits  for  the  ice  map  trends.  Ice  extent  trends 
during  the  1966-1995  period  were  calculated  with  data 
from  [3]. 

RESULTS 

Optimal  ice  classification  was  achieved  with  RM-08 
and  PCI  for  Okean-0 1,03,06  data;  SLR  and  MSU-M  were 
optimal  for  Okean-02  and  Kosmos-1500  data;  and  SLR 
was  used  for  the  Kosmos-1766  data.  The  satellite-derived 
ice  concentration  classes  had,  on  average,  75%  agreement 
with  the  ice-map  training  polygons.  Root-mean-square 
differences  between  ice  maps  and  the  satellite-derived 
classes  were  15.3%,  19.4%,  18.6%  and  11.8%  for  ice 
extensions  E1-E4,  respectively.  Minimum  monthly-mean 
sea  ice  extent  in  the  Barents  Sea  showed  an  average 
increasing  trend  during  the  1974-1994  (Table).  Results  of 
Monte-Carlo  analyses  established  upper  and  lower 
confidence  limits  (P=0.8)  that  corroborated  the  increasing 
trend  (Table).  Over  the  30-year  period  this  region  showed 
an  average  11.8%  increasing  trend.  Minimum  monthly- 
mean  sea  ice  extent  in  the  western  Kara  Sea  showed  an 
average  decreasing  trend  during  the  1974-1994  (Table). 
Results  of  Monte-Carlo  analyses  established  upper  and 


lower  confidence  limits  (P=0.8)  that  corroborated  the 
decreasing  trend.  Over  the  30-year  period  this  region 
showed  an  average  47.4%  decreasing  trend  in  minimum 
monthly-mean  sea  ice  extent  (Fig.).  The  recent  20-year 
changes  in  minimum  monthly-mean  sea  ice  extent 
appeared  consistent  with  annual  variations  and  periodic 
cycles  characteristic  of  the  extended  30-year  database.  In 
general,  within  year  comparisons  between  the  Barents  and 
western  Kara  Seas  showed  little  consistency  with  respect 
to  the  magnitude  of  ice  extension  (e.g.,  relatively  high  and 
low  ice  years  in  the  Barents  Sea  were  not  closely 
associated  with  similar  conditions  in  the  western  Kara 
Sea. 

During  1974-1994,  the  absolute  annual  minimum  sea 
ice  extension  in  the  Barents  and  western  Kara  Seas  also 
showed  increasing  and  decreasing  trends  (Table).  The 
pattern  of  annual  variations  was  veiy  similar  to  that 
observed  for  the  minimiun  monthly-mean,  however,  the 
rates  of  increase  and  decrease  for  the  derived  20-year 
trends  were  higher  for  the  minimum  monthly  mean  ice 
extent.  The  greatest  20-year  increase  was  observed  in  the 
Barents  Sea  for  ice  extension  E2  (>70%  concentration). 
The  increasing  trend  in  sea  ice  extension,  1974-1994, 
persisted  when  data  were  combined  for  the  Barents-Kara 
Seas  and  neighbouring  areas  of  the  Arctic  Ocean.  For  the 
combined  study  area,  20-year  trends  had  less  variability 
among  the  four  ice  extensions  compared  to  the  trends 
detected  for  the  Barents  and  western  Kara  Seas 
individually.  Also  for  the  combined  study  area,  the  rate  of 
increasing  ice  extent  was  more  pronounced  for  the 
absolute  annual  minimum  ice  extent  compared  to  the 
minimum  monthly-mean  (Table).  The  sea-ice  extent  at  the 
end  of  August  (1974-1994)  also  showed  an  increasing 
trend  in  the  Barents  Sea  and  decreasing  trend  in  the 
western  Kara  Sea.  However,  when  combined  with  data  [3], 
the  30-year  trend  showed  an  average  4.7%  reduction  in 
the  Barents  Sea  (Fig.). 

DISCUSSION 

During  the  1974-1994  period  analyses  of  the  Russian 
ice  maps  indicated  an  increasing  and  decreasing  trends  in 
the  extent  of  minimum  sea  ice  cover  for  the  Barents  and 
Kara  Seas.  An  important  constraint  to  such  interpretations 
lies  in  the  presumed  accuracy  of  the  ice  maps.  Although 
the  magnitude  of  error  inherent  to  ice  maps  could  not  be 
directly  assessed,  using  satellite  remote  sensing  to 
generate  an  alternative  measure  of  ice  conditions  provided 
data  for  estimating  one  plausible  degree  of  map  error. 
After  including  all  possible  combinations  of  the  observed 
disparities  between  the  ice  maps  and  the  satellite  ice 
classifications  in  a  Monte-Carlo  analyses,  the  trends  of 
minimum  ice  cover  extent  in  the  Barents  and  Kara  Seas 
remained  evident  (P=0.8;  Table).  The  decreasing  trend  of 
minimum  sea  ice  extent  during  the  extended  30-year 
period  demonstrates  the  importance  of  long-term 
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databases  for  interpreting  short-term  results  (e.g.,  10-year 
periods).  The  increasing  10-year  trend  in  minimum  ice 
extent,  1984-1994,  appears  consistent  with  respect  to  the 
mid-term  variability  and  possible  cyclic  conditions  in  the 
Barents  and  Kara  Seas  during  the  past  30  years.  Analyses 
of  recalibrated  Nimbus-7  scanning  multichannel 
microwave  radiometer  (SMMR)  images  and  historical 
U.S.NAVY-NOAA  ice  maps  revealed  substantial 
quantitative  differences,  and  demonstrated  the  need  for 
consistently  calibrated  remote  sensing  data.  Furthermore, 
consistent  criteria  for  defining  the  limits  of  ice  extent  are 
required  for  long-term  trend  analysis  [1].  This  study 
detected  notable  differences  between  the  four  definitions  of 
ice  extension  (E1-E4)  with  respect  to  the  magnitude  of 
derived  trends  (Table).  Preliminary  comparisons  between 
Okean  and  ALMAZ  (SAR)  images  in  the  Kara  Sea 
showed  good  consistency  for  detecting  ice  concentration 
classes.  ALMAZ  SAR  data  are  valuable  for  discriminating 
sea  ice  flows,  grey  ice,  first-year  ice,  and  multi-year  ice; 
and  for  future  refinement  of  Okean  data  interpretation. 
However,  all  microwave  remote  sensing,  such  as  SLR, 
RM-08  and  SAR,  have  identical  problems  with  an 
inability  to  effectively  distinguish  ice  cover  during  the 
presence  of  meltponding,  wet  snow,  or  flooding,  as  often 
associated  with  seasonal  temperature  changes  or  diurnal 
freeze-thaw  cycles.  An  analysis  of  the  multichannel 
passive  microwave  radiometers  data  onboard  the  Nimbus 
(ESMR,  SMMR)  and  DMSP  (SSMI)  satellite  series  with 
higher-resolution  data,  such  as  Okean  or  ALMAZ  SAR, 
could  enhance  current  methodologies  for  characterizing 
the  Arctic  summer  sea  ice  cover  and  trends.  An  integrated 
multisensor  remote  sensing  aiqiroach  could  take 
advantage  of  differing  sensitivities  to  different  surface 
types,  enhanced  temporal  resolution,  and  multiscale 

Tible.  20- Year  Average  Change  Trendi  In  the  Extent  of  the  Minimum  Monthly- 
Mean,  the  Absolute  Annual  Minimum  Sea  Ice  Cover  and  Ice  Cover  b  the  End  of 
August  b  the  Barents,  Western  Kaj%  and  Combined  Barcnts-Kara  Seas  During 
the  1974-1993  Period. 
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spatial  resolution  that  could  be  used  to  assess  the  precision 
of  broad-scale  or  long-term  interpretations. 
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Abstract  —  We  describe  the  application  of  per-pixel  time 
series  modelling  to  a  sequence  of  108  monthly  images  of 
Arctic  sea  ice  concentrations.  We  outline  a  semi-automated 
model  fitting  procedure  which  we  used  to  fit  AutoRegressive  - 
Moving  Average  (ARMA)  models  to  the  time  series  at  each 
pixel  in  a  hypertemporal  image  stack.  After  deseasonalizing 
each  series,  we  found  that  most  of  the  variability  in  sea  ice 
concentrations  in  the  Arctic  follow  a  first-order  autoregressive 
(i.e.,  AR(1))  process.  The  strongest  autoregressive 
autocorrelations  are  found  in  the  central  Arctic  Basin  and 
generally  become  weaker  closer  to  the  southern  limit  of  the 
seasonal  ice  extent.  In  the  marginal  sea  ice  zone  the  mean  ice 
concentration  for  a  given  month  is  shown  to  become  less 
dependent  on  past  month's  values. 

INTRODUCTION 

Routine,  repetitive,  and  continuous  observations  of  the 
Earth’s  surface  from  operational  remote  sensing  systems 
began  in  the  early  1970s  with  the  launch  of  the  Landsat  1  and 
Nimbus  5  satellites.  The  Landsat  series  of  platforms,  and 
other  more  recent  systems  (e.g.,  NOAA,  SPOT,  IRS-1),  carry 
optical  sensors  which  continue  to  supply  us  with  valuable 
Earth  resource  information,  primarily  over  sub-polar  land 
surfaces.  Similarly,  the  primary  sensors  aboard  the  Nimbus 
5,  Nimbus  7,  and  DMSP  satellite  sequence  have  allowed 
polar  scientists  to  amass  a  continuous  record  (except  for  a  2- 
year  gap  between  Nimbus  5  and  Nimbus  7)  of  the  Earth's 
cryosphere.  We  are  fast  approaching  the  time  at  which  data 
from  these  systems  can  be  used  to  define  30-year  climatic 
normals.  There  is  a  critical  need  for  the  development  of  new 
hypertemporal  image  analysis  techniques  to  extract  temporal 
signals  from  long  sequences  of  satellite  imagery. 

Time  series  analysis  (TSA)  is  the  procedure  of  fitting 
stochastic  models  to  observations  available  at  discrete  points 
in  time.  In  particular,  they  attempt  to  explain  and 
characterize  the  occurrence  of  observed  temporal  phenomena, 
and  when  properly  constructed,  can  be  used  to  identify  other 
temporal  sequences  of  the  same  process  [1].  In  this  analysis 
of  temporal  variations  in  Arctic  sea  ice  concentration,  the 
class  of  time  series  models  known  as  ARMA 
(AutoRegressive  -  Moving  Average)  models  is  considered. 
Although  there  are  other  types  of  time  series  models  which 
are  typically  used  in  a  variety  of  other  applications,  [2]  justify 
the  use  of  ARMA  class  models  for  describing  hydrologic  and 
other  kinds  of  environmental  data  sets.  They  show  that,  in 
addition  to  having  a  sound  physical  basis,  ARMA  models 
have  the  ability  to  forecast  environmental  time  series  at  least 
as  well  as,  and  usually  better  than,  their  competitors. 


ARMA  models  can  contain  just  autoregressive  (AR) 
components,  just  moving  average  (MA)  components,  or 
combinations  of  the  two.  Following  the  accepted 
nomenclature  for  these  processes,  a  purely  autoregressive 
model  of  order  p  could  be  specified  as  ARMA(p,0),  or  simply 
AR(p).  Similarly,  the  notation  ARMA(0,^)  or  MA(^) 
denotes  a  pure  moving  average  process  of  order  q,  and 
ARMA(/?,g)  references  a  mixed  autoregressive  -  moving 
average  process  of  the  specified  orders.  In  an  AR  process,  an 
observation  is  modelled  as  a  function  of  previous 
observations'  values;  MA  models  are  based  on  how  much  a 
previous  observation's  value  differs  from  its  average  value 
according  to  the  model  (i.e.,  the  previous  period's  error  term). 

SCANNING  MULTICHANNEL  MICROWAVE 
RADIOMETER  DATA 

The  Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  was  a  10-channel  instrument  which  operated  on  the 
Nimbus-7  spacecraft  between  November  1978  and  August 
1987.  It  measured  emitted  Earth  radiation  at  five  dual- 
polarized  frequencies  between  6.63  and  37  GHz  in  the 
microwave  portion  of  the  electromagnetic  spectrum.  The 
SMMR  data  used  in  this  study  are  derived  from  those 
published  on  the  Nimbus-7  SMMR  Radiances  and  Sea  Ice 
Concentrations  CD-ROM  (Volume  7)  produced  by  the  NASA 
Oceans  and  Ice  Branch  at  the  Goddard  Space  Flight  Center. 
We  extracted  the  processed  sea  ice  concentration  data  from  the 
CD-ROM  for  our  analyses.  Ice  concentration  is  the 
percentage  of  a  given  area  of  ocean  (a  pixel,  in  this  analysis) 
which  is  covered  by  ice  and  is  a  measure  of  the  amount  of 
open  water  within  the  ice  margins.  Even  in  the  middle  of 
winter,  concentrations  of  less  than  90%  can  be  found  in  the 
middle  of  the  Arctic  pack  ice  largely  as  a  result  of  open  leads 
and  polynyas.  The  SMMR  data  on  the  CD-ROM  are 
composited  into  polar  stereographic  images  with  a  nominal 
pixel  size  of  25  km  near  the  poles  and  are  ideal  for 
hemispheric-scale  global  change  analyses  [3]. 

All  of  the  ice  concentration  files  within  each  month  were 
averaged  to  create  108  monthly  images.  The  image  sequence 
was  then  deseasonalized  for  time  series  analysis  by 
subtracting  each  monthly  image  from  the  9-year  average  for 
that  month  and  divided  by  the  9-year  monthly  standard 
deviation  average  (i.e.,  normalized  monthly  anomaly  images 
were  created).  A  hypertemporal  data  set  was  created  by 
"stacking"  all  of  the  monthly  anomaly  images  and  per-pixel 
time  series  were  extracted  from  the  image  stack  by  reading  the 
ice  concentration  anomaly  value  from  the  same  pixel  in  each 
monthly  image. 
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TIME  SERIES  MODELLING  OF  THE  SMMR  DATA 
SET 

Time  series  modelling  is  necessarily  a  manual  process, 
based  on  heuristic  evaluation  of  graphical  displays  and 
summary  statistics  at  each  step  of  the  modelling  procedure. 
Clearly,  a  manual  analysis  of  the  136,192  pixels  (i.e., 
potential  time  series)  in  the  SMMR  data  set  was  impractical 
so  initial  model  identification  was  based  on  12  sample  time 
series  selected  from  ’'critical"  regions  previously  identified 
during  linear  regression  analysis  [4]  and  from  additional 
locations  which  were  thought  to  be  representative  of  more 
general  conditions.  Following  accepted  ARMA  modelling 
procedures  [5]  a  variety  of  models  were  evaluated  for  these 
series  and  we  concluded  that  the  temporal  dynamics  of  Arctic 
sea  ice  likely  follow  an  AR(1)  process. 

Consequently,  AR(1)  models  were  fit  to  the  entire  SMMR 
anomalies  data  stack.  Of  136,192  potential  time  series,  only 
61,513  AR(1)  models  were  actually  calculated  due  to  low 
variance  in  many  of  the  series  over  the  open  ocean  and  land. 
Just  because  an  ARMA  model  can  be  calculated  for  a  given 
time  series,  however,  does  not  necessarily  mean  it  is  an 
adequate  representation  of  the  data.  The  residual  series 


not  valid  valid 


Fig.l:  AR(1)  Model  Validation  Summary 


(modelled  -  observed  values)  must  be  analyzed  to  determine  if 
there  is  any  remaining  autocorrelation  or  trends  which  could 
indicate  that  the  tested  model  does  not  adequately  describe  the 
data.  Diagnostic  checks  made  on  the  residual  autocorrelation 
functions  of  the  fitted  models  revealed  that  68%  of  the  Arctic 
sea  ice  zone  is  appropriately  modelled  by  an  AR(1)  process 
(Fig.l).  This  suggests  that  for  these  locations,  mean 
monthly  sea  ice  concentrations  can  be  accurately  estimated  by 
knowing  the  long-term  average  concentration  for  that  month 
and  the  previous  month's  value  at  that  location.  This 
statistical  analysis  matches  the  geophysical  reality  of  the 
Earth's  sea  ice  cover  by  noting  that  an  annual  cycle  is  induced 
on  the  cryosphere  by  planetary  factors  and  that  the  thermal 
properties  of  ice  make  it  relatively  persistent  with  respect  to 
adjacent  atmospheric  and  oceanic  influences. 

What  about  the  32%  of  the  Arctic  sea  ice  zone  where  an 
AR(1)  model  does  not  appear  to  fit  the  data?  Data  obtained 
during  the  modelling  exercise  gives  us  some  clues  which 
might  help  explain  the  poor  fit.  For  example,  a  review  of  the 
diagnostic  residual  checks  reveals  some  locations  in  the 
central  Arctic  Basin,  north  of  the  Canadian  Archipelago, 
where  there  are  significant  residual  autocorrelations  at  lag  2 
(which  would  invalidate  an  AR(1)  model).  This  indicates  a 
longer  temporal  persistence  of  the  ice  features  and  a  need  for 
more  AR  parameters.  This  is  substantiated  by  modelling  at  a 
nearby  location  in  the  Beaufort  Sea  where  an  AR(6)  model 
(with  the  AR(3-5)  parameters  constrained  to  zero)  was  found 
to  be  appropriate.  Thus  the  ice  concentrations  in  this  area 
depend  not  only  on  that  of  the  previous  month,  but  also  on 
values  from  the  second  and  fifth  previous  months.  These 
observations  fit  the  geophysical  reality  that  this  region  is  the 
domain  of  the  least  amount  of  ice  motion  in  the  Arctic 
leading  to  very  little  change  in  ice  concentrations  from  month 
to  month,  or  even  from  season  to  season. 

Another  area  of  problematic  AR(1)  modelling  is  in  the  East 
Siberian  Sea  where  there  are  significant  autocorrelations  at 
lags  2  and  24  in  the  residual  series.  When  a  new  time  series 
model  was  fit  to  some  of  these  data,  the  resulting  AR(12) 
model  (with  the  AR(3-11)  parameters  constrained  to  zero) 
does  much  better  in  explaining  the  strong  monthly  and 
seasonal  autocorrelations  in  these  data.  The  seasonal  AR(12) 
parameter  of  the  fit  model  is  difficult  to  explain  given  that  the 
time  series  had  been  deseasonalized  prior  to  modelling.  There 
is  some  evidence  of  residual  seasonality  in  the  time  series 
plot  of  the  ice  concentration  anomalies  which  may  support 
the  call  for  additional  seasonal  differencing.  This  analysis 
leads  to  the  conclusion  that  ice  concentration  anomalies  in 
this  region  can  be  expected  to  be  repeated  on  an  annual  cycle. 

An  interesting  dichotomy  is  revealed  in  the  Davis  Strait  - 
Labrador  Sea  region,  where  the  sea  ice  features  in  the  western 
half  strongly  follow  an  AR(1)  process,  but  the  temporal 
characteristics  of  the  ice  in  the  eastern  portion  strongly 
contradict  the  AR(1)  models  fit  there.  To  examine  this 
phenomenon  in  greater  detail,  3  time  series  were  extracted  at 
locations  in  the  western  region,  eastern  region,  and  at  a  point 
in  the  middle  and  fit  with  AR(1),  ARMA(12,2),  and 
ARMA(1,1)  models,  respectively.  The  eastern  location  is  at 
the  margin  of  the  seasonal  sea  ice  zone,  experiencing  very 
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little  winter  iciness  over  the  SMMR  data  record,  except 
during  the  first  six  months  of  1983  and  1984  when  ice 
concentrations  in  this  region  exceeded  80%,  likely  the  result 
of  a  particularly  strong  El  Nino  event  during  1982-83.  This 
regional  phenomenon  might  be  explained  by  reviewing  the 
ocean  currents  in  this  region.  The  western  half  of  the  Davis 
Strait  -  Labrador  Sea  region  is  be  dominated  by  the  southerly 
Labrador  Current  which  is  responsible  for  carrying  much  of 
the  sea  ice  which  is  exported  from  the  Canadian  Archipelago 
southward.  In  the  eastern  half,  warmer  water  is  carried 
northward  along  the  West  Greenland  Current.  Evidently  in 
years  of  very  heavy  ice  conditions  across  the  Canadian  Arctic, 
such  as  in  1983  and  1984,  the  volume  of  southerly  ice  export 
along  the  Labrador  Current  increases  and  is  forced  to  spill 
over  into  the  waters  typically  occupied  by  the  West  Greenland 
Current  producing  the  heavy  ice  anomalies  observed  here. 

Another  interesting  observation  which  can  be  made  from 
the  three  Labrador  Sea  time  series  shown  above  is  the  change 
from  a  pure  AR  process  for  the  (western)  series  in  the 
seasonal  sea  ice  zone,  through  a  mixed  ARMA  model  along 
the  sea  ice  margin,  and  to  an  almost  pure  MA  process  at  a 
point  (in  the  eastern  Labrador  Sea)  which  can  be  considered  to 
be  outside  of  the  seasonal  sea  ice  zone.  This  would  suggest 
that  as  the  seasonal  cycle  of  ice  concentrations  becomes  more 
irregular,  its  autoregressive  nature  is  gradually  replaced  by  a 
stronger  relationship  with  past  month's  residuals  than  their 
observations.  This  observation  is  substantiated  by  paired 
time  series  extracted  from  the  Sea  of  Okhotsk,  the  Barents 
Sea,  and  in  the  East  Greenland  Sea.  In  each  region,  pure  AR 
processes  were  appropriate  for  the  series  farther  into  the  ice 
pack  while  MA  parameters  were  more  dominant  at  locations 
closer  to  the  ice  edge. 

SUMMARY 

The  principal  objective  of  applying  the  methods  of  time 
series  analysis  to  the  SMMR  data  was  to  derive  a  spatial 
summary  of  the  temporal  characteristics  of  monthly  sea  ice 
concentrations  in  the  Arctic.  ARMA  modelling  of  the 
anomaly  data  stack  revealed  that  68%  of  the  27,500  time 
series  in  the  Arctic  sea  ice  zone  is  shown  to  be  adequately 
represented  by  AR(1)  models.  From  a  geophysical 
perspective,  this  is  not  surprising  since  an  inter-month 
coherence  is  expected  due  to  the  persistent  nature  of  sea  ice 
arising  from  its  thermal  inertia.  The  results  of  the  temporal 
modelling  show  that  this  is  not  consistent  across  the  Arctic 
sea  ice  zone,  however.  As  might  be  expected,  the  strongest 
autoregressive  autocorrelations  are  found  in  the  central  Arctic 
Basin  and  generally  become  weaker  closer  to  the  southern 
limit  of  the  seasonal  ice  extent.  As  the  autoregressive  nature 
of  the  temporal  processes  decreases  in  a  southward 
progression,  the  mean  ice  concentration  for  a  given  month  is 
shown  to  become  less  dependent  on  past  month's  values  and 
more  related  to  previous  observation’s  residuals,  i.e.,  the 
processes  are  increasingly  more  closely  fit  by  moving  average 
models.  Again,  from  a  geophysical  perspective  this  makes 
sense  since  the  presence  of  sea  ice  becomes  much  more 
irregular  along  the  lower  bounds  of  the  seasonal  sea  ice  zone. 


Time  Series  Analysis  provides  a  unique  view  of  the 
temporal  variability  and  repetitiveness  of  an  image  time  series 
by  forcing  a  critical  examination  of  the  temporal  structure  of 
the  phenomenon  being  modelled.  Since  the  procedure  treats  a 
time  series  as  an  entity,  TSA  may  fail  to  reveal  short-term 
temporal  anomalies  present  in  the  data. 

Time  series  modelling  is  a  powerful  tool  for  simulation 
and  forecasting.  Statistically  based  forecasts  are  necessary  for 
continued  resource  development  in  the  Arctic.  Sea  ice 
simulations  could  provide  valuable  input  to  climate  and 
engineering  models  by  defining  the  spatial  distribution  of  sea 
ice  concentration  as  a  probability  surface.  Further,  when  it 
becomes  possible  to  create  ARMA  models  based  on 
climatically  significant  time  series  (i.e.,  30  years),  they  may 
be  useful  for  identifying  statistically  significant  climatic 
anomalies. 

The  sometimes  extreme  variability  of  sea  ice,  especially 
during  the  melt  period,  is  well  documented.  In  spite  of  this, 
the  spatial  coherence  in  the  derived  images  from  the  time 
series  modelling  is  remarkable.  Distinct  time-based  regions 
are  revealed,  which  are  different  from  spatial  groups  defined 
elsewhere  in  this  report  and  in  other  published  studies.  This 
new  regionalism  adds  another  dimension  to  the  study  of 
cryospheric,  atmospheric,  and  oceanic  processes  in  the  Arctic. 

ACKNOWLEDGMENTS 

Financial  Support  from  the  Natural  Science  and 
Engineering  Research  Council  and  the  Institute  for  Space  and 
Terrestrial  Science  is  gratefully  acknowledged. 

REFERENCES 

[1]  L.R.  Rabiner  and  B.H.  Juang,  "An  Introduction  to 
Hidden  Markov  Models",  IEEE  ASSP  Magazine,  Vol.  3, 
No.  1,  pp.  4-16,  1986. 

[2]  Keith  W.  Hipel  and  A.  Ian  McLeod,  Time  Series 
Modelling  of  Water  Resources  and  Environmental 
Systems.  Amsterdam:  Elsevier,  1994. 

[3]  Per  Gloersen,  William  J.  Campbell,  Donald  J.  Cavalieri, 
Josefino  C.  Comiso,  Claire  L.  Parkinson  and  H.  Jay 
Zwally,  Arctic  and  Antarctic  Sea  Ice,  1978-1987: 
Satellite  Passive-Microwave  Observations  and  Analysis, 
Washington:  NASA  SP-5 11,  1993, 

[4]  Joseph  M.  Pi  wo  war  and  Ellsworth  F,  LeDrew,  "Climate 
Change  and  Arctic  Sea  Ice:  Some  Observations  from 
Hypertemporal  Image  Analysis",  Proceedings,  Third 
Thematic  Conference  on  Remote  Sensing  for  Marine  and 
Coastal  Environments,  Vol.  I,  pp.  625-636,  September 
1995. 

[5]  G.E.P.  Box  and  G.M.  Jenkins,  Time  Series  Analysis: 
Forecasting  and  Control,  revised  ed.  Oakland,  CA: 
Holden-Day,  1976. 


647 


An  Analysis  of  Odden  Event  Intra-  and  Inter-Annual  Variability 

Kenneth  W.  Fischer,  Catherine  A.  Russel,  Robert  A.  Shuchman 
Center  for  Earth  Sciences,  Environmental  Research  Institute  of  Michigan 
P.O.  Box  134001,  Ann  Arbor,  MI  48113-4001 
313-994-1200,  ext  2239  (Ph.);  313-994-5824  (Fax) 
email:  fischer@erim.org,  ru$sei^rim.org,  shachman@erim.org 

Edward  G.  Josberger 

Ice  and  Climate  Project,  US  Geological  Survey 
University  of  Puget  Sound,  Tacoma,  WA  98416 
206-593-6516  (Ph.);  206-383-7967  (Fax),  ice@ups.edu 


Abstract  —  The  "Odden"  is  a  large  sea  ice  feature  that  forms 
in  the  East  Greenland  Sea.  During  the  winter,  the  ice  edge 
of  the  Odden  may  advance  and  retreat  several  hundred 
kilometers  on  relatively  short  time  scales.  An  analysis  of  the 
satellite  passive  microwave  derived  ice  area  and  extent  time 
series  along  with  meteorological  data  from  the  Arctic 
Drifting  Buoy  Network  determined  the  meteorological 
forcing  required  for  Odden  growth,  maintenance  and  decay. 

INTRODUCTION 

The  "Odden"  is  a  large  sea  ice  feature  that  forms  in  the 
East  Greenland  Sea,  it  may  protrude  eastward  to  5®  E  from 
the  main  sea  ice  pack  between  73°  and  76°  N.  It  generally 
forms  at  the  beginning  of  the  winter  season  and  can  cover 
300,000  km^  Throughout  the  winter,  the  outer  edge  of  the 
Odden  may  advance  and  retreat  by  several  hundred 
kilometers  on  time  scales  of  a  few  days  to  weeks. 

The  Odden  ice  is  believed  to  play  a  key  role  in 
controlling  deep  water  formation  in  the  Greenland  Sea 
through  the  process  of  deep  water  convection.  The  brine 
rejection  by  the  rapid  fieezing  during  the  Odden  growth 
period  may  be  instrumental  in  controlling  the  deep 
convection.  In  particular,  recent  theory  suggests  that  the 
primary  Greenland  Sea  deep  water  formation  site  is  located 
in  the  “Nordbukta”  open  water  region  which  frequently 
forms  on  the  north  side  of  the  Odden  [1]. 

An  analysis  of  the  satellite  passive  microwave  derived 
ice  area  and  extent  time  series  along  with  meteorological 
data  from  the  Arctic  Drifting  Buoy  Networic  determined  the 
meteorological  forcing  required  for  Odden  growth, 
maintenance  and  decay.  The  key  meteorological  parameters 
which  cause  the  rapid  ice  formation  and  decay  associated 
with  the  Odden  are,  in  order  of  importance,  air  temperature, 
wind  speed,  and  wind  direction.  Atmospheric  pressure  was 
found  not  to  play  a  significant  role  in  the  Odden  events.  Air 
temperature  and  wind  direction  are  the  dominant  variables 
with  temperatures  below  -9.5°C  and  winds  from  the  west 
required  to  trigger  significant  Odden  events. 


SATELLITE  AND  IN  SITU  HAT  A  SETS 

The  Scanning  Multicharmel  Microwave  Radiometer 
(SMMR)  and  the  Special  Sensor  Microwave  /  Imager 
(SSM/I)  have  provided  all-weather,  all-season  imagery  of 
global  sea  ice  from  1978  -  present  [2].  While  both  of  these 
sensors  provide  low  resolution  imagery  (25  km),  the  Odden 
event  can  clearly  be  seen  in  the  imagery  due  to  its  large  size. 

While  the  SMMR  and  SSM/I  data  sets  provided  good 
estimates  of  the  Odden  occurrence  and  its  areal  coverage, 
drifting  buoys  deployed  in  the  Arctic  provided  the  necessary 
coincident  meteorological  data  for  this  analysis.  A  network 
of  drifting  buoys  is  currently  maintained  by  ^  International 
Arctic  Buoy  Program  (lABP).  Processed  data  sets  provide 
atmospheric  pressure  and  temperature  at  the  ocean  surface 
[3].  Estimates  of  the  temperature  and  pressure  in  the  general 
location  of  the  Odden  were  derived  by  averaging  all  data 
points  in  the  grid  from  71°N  to  77°N  and  15°W  to  5°E~six 
data  points  in  all.  Geostrophic  wind  speed  and  direction 
were  also  calculated  from  the  buoy  data  by  calculating  the 
pressure  gradient  from  the  gridded  pressure  data  fields. 

INTRA-ANNUAL  ODDEN  VARIABILITY 

Many  questions  have  been  raised  regarding  the 
occurrence  of  the  Odden  such  as  why  does  it  occur  at  certain 
times  but  not  others,  and  during  some  years  but  not  others. 
To  address  these  questions,  an  analysis  was  performed  using 
both  the  remotely-sensed  ice  cover  data  and  the  interpolated 
in  situ  buoy  meteorological  data  to  determine  the 
atmospheric  conditions  which  cause  the  Odden  to  form, 
decay,  remain  stagnant  or  not  appear  at  all. 

The  methodology  first  identified  specific  formation  and 
decay  events  in  the  ice  area  coverage  time  series  and  then 
correlated  these  events  with  the  meteorology  time  series  to 
determine  which  meteorological  variables  most  strongly 
influence  Odden  formation  and  what,  if  any,  thresholds 
could  be  identified  for  triggering  an  Odden  event.  The 
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analysis  was  later  broadened  to  include  conditions  under 
which  the  Odden  ice  pack  maintained  itself  above  certain 
minimum  area  levels  and  when  no  Odden  occurred  at  all. 

Identiflcation  of  Odden  Formation  and  Decay  Events 

Annual  time  Series  of  sea  ice  extent  and  total  ice  covered 
area  for  the  Odden  region  (70®N-79°N  and  20°W-6“E)  were 
calculated  from  the  daily  maps  and  the  October  average 
conditions.  The  Odden  ice  extent  was  derived  by  summing 
the  areas  of  the  pixels  with  at  least  30%  ice  concentration 
b^ond  the  derived  winter  ice  edge  in  the  defined  Odden 
region.  The  Odden  ice  area  was  derived  Iqr  summing  the 
total  ice  concentration  for  a  pixel  times  the  pixel  area. 

Figure  1  shows  a  particularly  active  winter  season 
(November  1981  -  April  1982)  in  which  numerous  growth 
and  decay  events  occurred.  The  Odden  is  easily 
distinguished  from  the  rest  of  the  ice  pack  in  part  because  of 
its  location  and  shape  and  also,  in  sequential  images, 
because  of  its  rapid  formation  and  dissipation. 

Meteorologiical  Conditions  Associated  with  Odden 
Growth  and  Decay 

Once  growth,  decay,  and  stagnant  periods  were 
identified,  a  statistical  analysis  was  done  to  determine  the 
meteorological  conditions  associated  with  each  of  the  Odden 
ice  cases.  For  each  case,  meteorological  data  flum  all  of  the 
days  fitting  the  ice  criteria  were  averaged  and  standard 
deviations  calculated.  The  results  of  this  analysis  are 
summarized  in  Fig.  2. 


Figure  1.  Time  series  of  Odden  area  (bottom  ciuve)  and 
extent  (top  curve)  for  the  1981-82  Winter  season. 
Extreme  variability  in  the  Odden  is  illustrated  the 
pullouts  of  SMMR  derived  ice  concentration  maps  at 
specific  points  in  the  time  series. 


As  can  be  seen  from  Fig.  2,  temperature  and  wind  both 
play  k^  roles  in  the  Odden  ice  formation.  Atmospheric 
pressure  was  not  found  to  correlate  significantly  with  any  of 
the  and  will  rrot  be  considered  here.  Based  on  the 
analysis,  atmospheric  temperature  appears  to  play  the  most 
significant  role  in  causing  the  Odden  to  form.  All  of  the 
temperature  results  make  intuitive  sense  with  the  coldest 
conditions  being  associated  with  Odden  growth  and  the 
warmest  with  no  Odden  forming  at  all. 

Wind  q)eed  and  direction  also  pl^  a  role  in  the  Odden 
ice  pack  formation  and  decay;  influencing  the  surface  heat 
flux,  the  ice  drift  and  upper  ocean  currents.  As  shown  in  Fig. 
2,  Odden  formation  occurs  when  winds  are  moderate  and  out 
of  the  west,  bringing  very  cold  air  from  the  Greenland  Ice 
Sheet. 

At  the  other  extreme,  Odden  decay  is  associated  with 
very  high  winds,  12.4  m/s  on  average,  from  the  north,  and 
air  temperatures  of -6.0  C.  This  appears  to  be  contradictory: 
strong  winds  and  moderately  cold  temperatures  should  yield 
ice  growth  and  not  ice  decay.  The  explanation  lies  in  the 
Fkman  transport  in  the  ocean  that  is  generated  by  the  surface 
winds.  The  surface  winds  will  be,  on  average,  to  the  south 
and  east,  generating  an  Ekman  transport  of  relatively  warm 
water  to  the  west  and  south.  The  net  effect  is  a  strong  on  ice 
flow  of  the  relatively  warm  surface  waters  in  the  Greenland 
Sea  that  results  in  rapid  melting  and  compacting  of  the  ice 


Figure  2.  Results  of  meteorological  analysis  showing  mean 
wind  speed,  direction,  and  temperature  for  Odden 
growth,  Odden  decay,  stagnant  Odden,  and  stagnant  no 
Odden  cases. 

In  addition  to  the  statistics  calculated  for  each  of  the 
four  Odden  cases,  correlations  between  various  pairs  of  time 
series  were  carried  out  to  determine  if  there  was  any  delay 
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between  the  meteorological  forcing  and  the  ice  formation. 
The  strongest  correlations  were  found  between  the 
temperature  and  growth  rate  time  series. 

Fig.  3  shows  the  Odden  Growth  Rate  along  with  the 
meteorological  data  for  the  60  day  time  period  from  Jan  21 
through  March  20,  1979.  The  Growth  Rate  was  calculated 
by  first  upsampling  the  SMMR  derived  Odden  area  to  twice 
daily  (to  correspond  to  the  temperature  sampling  rate),  then 
taking  the  difference  between  every  two  successive  points 
and  finally  running  a  7  point  running  boxcar  filter.  The 
temperature  time  series  h^  been  averaged  with  a  5  point 
rmuiing  boxcar  filter.  As  can  be  seen  fix>m  the  figure,  growth 
rate  is  anti-correlated  with  air  temperature  and  in  phase. 

The  correlation  coefficient  for  this  particularly  time 
series  was  -0.68.  The  conclusion  fix>m  this  analysis  was  that 
while  ocean  surface  mixed  l^er  preconditioning  plays  a  role 
in  the  long-term  winter  average  Odden  ice  area,  the  ice 
growth  responds  almost  immediately  to  low  temperature 
forcing  and  ice  decay  to  warm  temperature  forcing.  Wind 
speed  and  direction  were  also  found  to  correlate  well  in  time 
with  low  to  moderate  winds  out  of  the  west  correlating  with 
ice  growth  and  high  winds  out  of  the  north/northeast  with 
decay.  Wind  speed  and  direction  are  not  independent  of 
temperature,  so  this  correlation  is  expected  to  some  extent. 


DcyofYMU' 


0 

s 

-10 


•90 

-35 


Figure  3.  Sixty  day  time  series  showing  SMMR  derived 
Odden  ice  growth  rate  with  corre^nding  buoy  derived 
meteorological  parameters  during  the  period  January  21 
-March  20,  1979. 


INTER-ANNUAL  ODDEN  VARIABILITY 

Meteorological  conditions  also  play  a  key  role  in  Odden 
inter-armual  variability.  Temperature  in  particular  was 
(^rved  to  be  well-correlated  with  Odden  ice  area  statistics. 
Years  when  there  were  larger  numbers  of  occurrences  of 
temperatures  below  -9.5°C  showed  larger  Odden  ice  area 
mean,  maximum,  and  integrated  growth.  Additionally,  the 
years  when  no  Odden  formed  whatsoever  had  average 
temperatures  LS-J^C  higher  than  the  average  of  the  other 
years.  As  with  intra-aimual  variability,  wind  speed  played  a 
less  dominant  role  than  temperature  and  wind  direction 
occurrences  appeared  not  to  play  a  role  in  inter-annual 
Odden  variability. 

OveraU,  we  have  shown  meteorological  forcing  to  play 
an  important  if  not  dominant  role  in  the  formation  and 
variability  of  the  Odden  ice  and  this  must  be  taken  into 
account  when  considering  both  ice  growth  and  deep  water 
formation  in  the  Greenland  Sea. 
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Abstract  —  In  1989  NSIDC  was  invited  to  become  one 
of  eight  Distributed  Active  Archive  Centers  (DAACs)  in 
tlie  Eartli  Observing  System  Data  and  Information  System 
(EOSDIS).  The  Eartli  Observing  System  (EOS)  is  a  long¬ 
term  interdisciplinary  and  multi-disciplinary  research 
effort  to  study  global-scale  processes  tliat  shape  and 
influence  tlie  Eartli  as  a  system.  Recent  deliberations 
witliin  tlie  EOS  community  is  fostering  change  in  tlie 
originally  planned  EOSDIS  structure  towards  a  federated 
system. 

This  paper  will  report  on  the  current  status  of  tlie 
federated  approach  to  EOSDIS,  and  offer  an  assessment 
as  to  tlie  impact  this  will  have  on  provision  of  remote 
sensing  data  from  EOS  sensor  systems  to  tlie  polar 
re.search  community. 


INTRODUCTION 


NSIDC  ROLE  IN  EOSDIS 

The  National  Snow  and  Ice  Data  Center  (NSIDC) 
operates  a  Distributed  Active  Archive  Center  in 
association  witli  its  other  programs.  The  NSIDC  DAAC 
serves  tlie  snow  and  ice  (cryospheric)  community  with 
products  derived  from  EOS  and  otlier  sensor  systems.  To 
date  efforts  have  focused  on  tlie  passive  microwave  data 
provided  by  tlie  Special  Sensor  Microwave  Imager 
(SSM/I)  and  visible  and  infrared  data  provided  by  tlie 
Advanced  Very  High  Resolution  Radiometer  (AVHRR). 
NSIDC  has  also  provided  access  to  numerous  in-situ  data 
sets  useful  to  sea  ice  and  snowcover  researchers.  NSIDC 
DAAC  data  are  available  on-line  via  tlie  Version  0 
Information  Management  System  (VO  IMS;  WWW  URL 
http://www-nsidc.colorado.edu)  The  NSIDC  DAAC  is 
scheduled  to  produce  and  deliver  snow  and  sea  ice 
products  from  die  MODIS  sensor  on  AM-1  in  1998. 


In  1990,  NASA's  Mission  to  Planet  Earth  undertook 
the  development  of  die  Eardi  Observation  System.  The 
Eardi  Observation  System  (EOS)  is  compri.sed  of  three 
major  elements;  satellite  platforms  and  instrumentation,  a 
data  and  information  system,  and  science  teams 
developing  and  implementing  algorithms  to  generate 
products  in  24  general  measurement  groups  which 
encompass  atmosphere  (9),  solar  radiation  (2),  land  (6), 
ocean  (4),  and  cryosphere  (3).  The  cryosphere  elements 
of  the  measurement  plan  are  presented  in  Table  1 

Table  1 :  Cryosphere  Measurements  in  EOS 


Category/Variable _ Sensor  System 


Land  Ice 

(ice  sheet  topography,  ice 
sheet  volume  change, 
glacier  change 

GLAS, 

ASTER,  ETM+/LATI 

Sea  Ice 

(extent,  concentration, 

motion,  temperature) 

AMSR,  DFA/MR,  MODIS 
ETM+/LATI,  ASTER 

Snow  Cover 

(extent,  water  equivalent) 

MODIS,  AMSR,  ASTER, 
ETM+/LATI 

PROVISION  OF  DATA  RELEVANT  TO  SNOW  AND 
ICE  RESEARCH  BY  EOSDIS 

What  Can  Remote  Sensing  Data  Measure  of  die 
Cryosphere? 

The  ability  of  remote  sensing  data  to  measure 
components  of  the  cryosphere  depends  on  die  sensor 
system  used  and  die  nature  of  the  problem  being 
addressed.  Many  cryospheric  parameters  (ice  mass 
changes,  snow  depdi,  sea  ice  type)  can  only  be  measured 
using  indirect  techniques.  That  is,  what  the  satellite 
sensor  sees  in  terms  of  spectral  radiance/emittances  must 
be  empirically  interpreted  to  obtain  geophysically 
meaningful  quantities. 

Data  requirements  for  snow  and  ice  parameters  have 
been  compiled  by  several  groups.  The  Global  Climate 
Observing  System  [1]  provided  a  list  of  terrestrial 
observational  needs,  including  cryospheric  ptu'ameters 
and  Tables  2-4  offer  high  level  assessments  of  how 
remote  sensing  data  can  be  applied  to  measure  relevant 
cryosphere  variables.  These  tables  were  prepared  by  die 
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Polar  DAAC  User  Working  Group  (PoDAG)  and  NSIDC 
staff  for  use  by  NSIDC  DAAC  to  prioritize  data  sets. 


Mapping  of  Science  Priorities  to  NSIDC  DAAC  and  EOS 
Daui  Sets 

Based  upon  the  priorities  presented  in  Tables  2-4, 
NSIDC  has  focused  its  activities  in  a  few  key  areas  to 
provide  data  and  information  about  tlie  cryosphere.  In 
addition,  tlie  measurement  suite  of  tiie  EOS  sensors  will 
add  new  parameters  in  tlie  needed  observations  and/or 
offer  better  calibrated,  more  precise  measurements  of 
existing  parameters. 

An  important  new  role  for  remote  sensing  data  in  the 
EOS  era  will  be  data  assimilation  into  global  and  regional 
computer  climate  models.  Model  simulations  of  tlie 
climatic  impact  of  greenhouse  gases  typically  show 
enhanced  warming  at  high  latitudes,  largely  a  result  of 
positive  feedbacks  involving  sea  ice.  Sea  ice  has  been 
treated  rather  simply  in  computer  models,  and  emerging 
new  products  could  help  alleviate  Uiis  situation.  Ice 
motion  fields  derived  from  AVHRR  Polar  Pathfinder  (and 
later  MODIS)  data,  sea  ice  albedo  from  MODIS,  and 
possibly  MISR,  and  inferred  ice  tliickness  from  SAR  are 
but  a  few  exiunples  of  data  sets  which  directly  support 
climate  models  [2]. 

NSIDC  continually  updates  and  re-prioritizes  its  data 
holdings  and  proposed  new  products  to  reflect  the 
perceived  needs  of  tlie  cryospheric  user  community. 
Listings  of  currently  active  data  sets  and  products  may  be 
found  on  the  NSIDC  WWW  site  (URL  http://www- 
nsidc.colorado.edu)  and  in  tlie  EOSDIS  Science  Data  Plan 
[3]. 


REVISIONS  TO  THE  EOSDIS 

EOS  has  undergone  more  or  less  continual  review 
since  it's  inception  in  1990.  It  has  been  “reshaped", 
‘Tescoped",  “re-engineered",  and  “regiggered"  over  the 
past  several  years.  The  driving  force  behind  all  of  these 
changes  has  been  primarily  budgetary,  but  also  tlie 
revised  science  goals  of  tlie  EOS  program.  In  July  1995 
the  Board  on  Sustainable  Development  (BSD)  of  the 
National  Research  Ceiuncil  reviewed  EOSDIS  as  part  of 
an  all-encompassing  review  of  the  USGCRP  and  NASA 
MTPE  [4].  The  BSD  concluded  that  components  of 
EOSDIS  which  provide  “flight  control,  data  downlink, 
and  initial  processing  should  be  retained  but  streamlined" 
and  tliat  “product  generation,  publication,  and  user 
services  should  be  transferred  to  a  federation  of  partners 
selected  through  a  competitive  process  open  to  all". 
NASA  MTPE  decided  in  August  1995  to  develop  and 


implement  plans  to  accomplish  the  above  two  BSD 
conclusions. 

NASA  MTPE  hopes  tliat  tlie  "recompetion"  and 
movement  towards  a  “Environmental  Information 
Federation"  (EIF)  will  expand  the  sense  of  ownership 
among  the  user  community,  introduce  greater  innovation, 
flexibility  and  responsiveness  in  tJie  provision  of 
information  services  from  EGS  instruments.  It  is  also 
hoped  tliat  tlie  system  will  also  be  more  cost  effective  [5J. 


What  Changes  are  Planned? 

The  key  to  the  EIF  is  the  distribution  of  services 
among  “Environmental  Sciences  Information  Partners 
(ESIP)  and  tlie  establishment  of  an  “Integrating 
Organization".  The  ESIPs  will  compute,  and  distribute 
products  derived  from  tlie  EOS  and  other  instruments 
which  meet  tlie  stated  scientific  goals  of  tlie  EOS 
measurement  program,  (See  Figure  1).  The  “Integrating 
Organization"  will  provide  guidance  to  tiie  ESIPs  on  how 
they  must  interact.  Such  guidance  should  include 
definition  of  tlie  inter-connecting  network  and  computer 
system  standtirds  and  protocols,  and  tlie  data  management 
services  roles  and  responsibilities. 

The  schedule  for  implementation  of  iliese  changes  is 
not  yet  fully  known.  Our  best  guess  at  tliis  time  is  that 
some  of  tlie  products  and  services  currently  operating  or 
under  development  at  tlie  current  DAACs  will  be 
recompeted  prior  to  May  1997.  A  significant  portion  of 
the  first  EOS  satellite  (AM-1)  product  set  may  be 
recompeted,  as  well  as  some  of  die  current  Version  0 
functions  of  selected  DAACs. 


What  Will  these  Changes  Mean  to  Cryospheric  Data 
Management  and  Research? 

EOS  cryospheric  data,  products  and  services  currently 
scheduled  to  be  provided  by  the  NSIDC  DAAC  will  be 
recompeted  in  die  1996-1997  timeframe.  This  will 
probably  include  sea  ice  products  from  die  MODIS 
instrument  on  AM-1.  The  NSIDC  DAAC  Version  0 
efforts  will  also  undergo  an  in-depth  review,  but  may  be 
recompeted  before  AM-1  launch  in  mid- 1998.  Odier  nciu^- 
term  products  (such  as  AM-1  cloud  products  or  surface 
temperatures  from  MODIS)  of  interest  to  die  cryosphere 
community  may  be  affected  by  recompetition.  Ceruiinly 
products  from  the  PM-1  and  GLAS  satellite  systems  will 
be  recompeted  in  the  1999  timeframe. 
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CONCLUDING  REMARKS 
What  are  tlie  Risks  and  die  Benefits? 

NASA  MTPE  suggests  tliat  tlie  benefits  from  tiie 
current  recompetition  exercise  includes  placing  EOSDIS 
daui  management  elements  on  a  firmer  basis  tlirough  die 
competitive  selection  process  which  is  open  to  all; 
improving  ownership  of  EOSDIS  by  die  community;  and 
increasing  information  system  evolution  by  introducing 
new  players  to  die  effort.  In  addition,  it  is  hoped  diat  die 
EIF  will  provide  opportunity  for  expansion  of  die  system 
beyond  NASA  sponsored  data  systems,  possibly  into 
commercial  sectors. 

The  potential  risks  include  die  real  possibility  diat 
production  schedules  of  die  present  EOSDIS  cannot  be 
met;  the  current  high  level  of  user  services  support  at  the 
DAACs  will  not  continue;  die  “Integrating  Organization" 
will  fail  in  its  critical  tasks  to  tie  die  system  togedier. 
There  is  concern  diat  die  user  support  role  of  the  current 
DAACs  will  be  lost  in  die  transition  to  die  federation. 
This  very  important  function,  especially  to  the  new, 
uninitiated  user  of  remote  sensing  information,  must  play 
a  central  role  in  whatever  system  evolves  to  distribute 
EOS  data  and  products. 

There  are  also  pressures  to  re-align  product  generation 
facilities  by  instrument  types  radier  dian  by  scientific 
discipline  linkages.  For  example,  snow  cover  products 
from  MODIS  may  be  bundled  widi  odier  land-based 
products  (net  primary  productivity  etc.).  Remote  sensing 
of  snow  and  ice  regions  is  not  instrument  specific.  Data 
have  been  and  will  be  merged  from  visible,  infrared, 
passive  microwave,  and  active  microwave  sensor 
systems. 

The  cryosphere  interdisciplinary,  in  its  nature  because 
it  encompasses  oceans,  land,  and  atmosphere  may  lose 
much  of  the  synergy  that  now  exists  at  the  data  and 
research  centers  widiin  EOS. 


[3]  Schwaller,  Mathew,  Brian  Krupp,  and  William  North 
(editors),  1995.  Science  Data  Plan  for  the  EOS  Data 
and  Information  System,  Document  Version  4,  July 
1995.  NASA  EOSDIS  ESDIS  Project  Office. 

[4]  Board  on  Sustainable  Development,  1995.  A  Review 
of  the  U.  S.  Global  Change  Resetach  Prognim  and 
NASA’s  Mission  to  Planet  Eartli/Em-tli  Observing 
System.  National  Research  Council.  (URL 
http://www.gcrio.org/USGCRP/LaJoihi/cover,html) 

[5]  Butler,  Dixon,  1996.  NASA's  Response  to  the  NRC 
Board  on  Sustainable  Development, 
Recommendations  Regarding  EOSDIS.  Presentation 
Viewgraphs  and  Narrative.  (URL: 

http://mercury.hq.nasa.hq.gov/eosdis/sustainable.html) 
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Table  2:  Data  Requirements  from  Satellites;  Sea  Ice 


Vat-uible 

Present  Sensor 

Spatial 

Resolution 

Time 

Resolution 

EOS  Sensor 

Other  Data 
Sources 

Status  of 

Data 

II 

Temporal 

Resolution 

Accurae\ 

Neea'ea 

Aciur,;e\ 

Auult.hir 

SSM/I 

55  km 

daily 

MIMR 

RADARSAT 

good 

35  km 

daily 

20  km 

20  km 

SSM/I 

55  km 

daily 

MIMR 

RADARSAT 

good 

25  km 

daily 

7'; 

SSM/1 

55  km 

daily 

MIMR 

RADARSAT 

good 

25  km 

tbilN" 

3tr. 

RADARSAT 

5km 

twice  weekly 

MODIS 

buoys 

needs  dev 

25  km 

iLily 

1  km 

3(X>m 

R.ADARSAT 

MODIS 

needs  dev. 

25  km 

^mssss^m 

Ice  tliickness  dislribution 

sonar. 

models. 

RADARSAT 

sparse 

200  km 

[m 

[H| 

. 

■ilsmi 

weekly 

20  cm 

Ocean  heat  flux  to  ice 

weekly 

AVHRR 

20  km 

daily 

MODIS  1 

. i 

poor  1 

25  km  1 

daily 

0.5  K  1 

v$urf3ceSVyfla5L  !  • 

AVHRR 

1  km 

daily 

MODIS 

climatology 

needs  dev.  | 

100  km 

twice  daily  1 

0.05 

Oi 

Ooud  fraction 

AVHRR 

1  km 

daily 

4% 

3tr-. 

Ice  extinction  coefficient 

— 

Ice  surface  temperature 

AVHRR.  TOYS 

1, 100  km 

twice  daily 

MODIS 

buoys. 

stations 

needs  dev. 

100  km 

twice  daily 

1  K 

2  K 

Atmos,  temp,  profile 

TOYS 

100  km 

twice  daily 

AIRS, 

AMSU 

stations 

needs  dev. 

100  km 

twice  daily 

1  K 

10  K 

Atmos,  humidity  profile 

TOYS 

100  km 

twice  daily 

AIRS. 

AMSU. 

MHS 

stations 

needs  dev. 

100  km 

twice  daily 

0.2 

mu 

Cloud  bottom  height 

TOYS 

100  km 

twice  daily 

AIRS. 

AMSU 

nvice  daily 

5^ro 

Atmospheric  ice  crv’stal  precipitation 

needs 

climatology 

— 

Aunospheric  aerosols 

GLAS 

aircraft 

needs 

climatology’ 

sensible  heal  flu* 

Wind  speed,  10  m 

twice  duly 

buoys.  NWP 
models 

good 

100  km 

1  m/s 

AVHRR 

1  km 

!■■■■ 

needs  dev. 

100  km 

twice  daily 

0.3  K  • 

1  NWP  models 

_ 

100  km 

twice  daily 

1  K 

Air  temp.,  lowest  level 

TOYS 

100  km 

twice  daily 

needs  dev. 

100  km 

twice  daily 

1  K 

3K 

Surface/air  temp,  difference 

TOYS 

iumi 

mm 

tw’ice  daily 

0.2  K 

1  K 

!■■■■ 

1  no  technique 

mmmmM 

IHBjH 

SAR {AVHRR} 

100  km 

weekly 

IHBISSHi 

me 

-  _ 

SAR  tL-band) 

100  km 

weekly 

1  RADARSAT 

1  needs  dev. 

IIHOSSISBiH 

IHBSSIBI 

me 

- .... 

Wind  velocity.  10  m 

buoys.  NWP 
models 

25  km 

daily 

1  m/s 

models 

25  km 

daily 

Also  requires  .aimosphenc  planetary  boi 

ndary  layer  stability 

from  sensible  heal  fluxl.  surface  roughness,  ice  mass,  and  miemal  ice  stress  gradient. 

Water,  salt  flux  through  straits 

ship 

observations. 

models 

rough 

climatology 

TM 

MSS 

AVHKR 

OLS 

SAR 

ALT 

SPOT 

SCAT 

SSM/I 

ATSR 


Landsat  Thematic  Mapper  MEVIR 

Landsat  Multispectral  banner  MISR 

NOAA  Advanced  Vei*y  High  Resolution  Radiometer  GLAS 

DMSP  Optical  Line  Scanner  ASTER 

Synthetic  Aperture  Radar  MODIS 

Radar  Altimeter  AIRS 

Systdme  Probatoire  pour  I'Oservation  de  al  Terre  AMSU 

Scatterometer  SAGE  III 

DMSP  Special  Sensor  Microwave  Imager  ALT 

Along  Track  Scanning  Radiometer 
Prioriy:  1  =  critical,  2  =  essential,  3  =  useful 


EOS  Multi  frequency  Imaging  Microwave  Radiometer 

EOS  Multi-Angle  Imaging  Spectrora dio meter 

EOS  Geoscience  Laser  Altimeter  System 

EOS  Advanced  Spacebome  Thermal  Emission  and  Refl 

Radiometer 

EOS  Moderate  Resolution  Imaging  Spectrometer 
EOS  Atmospheric  Infrared  Sounder 
EOS  Advanced  Microwave  Sounding  Unit 
EOS  Stratosphere  Aerosol  and  Gas  Experiment  III 
EOS  Radar  Altimeter 
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Table  3:  Data  Requirements  from  Satellites:  Ice  Sheets 


Va/7<76/e 

Temporal 

Resolution 

Spatial 

Resolution 

Single 

Point 

Accuracy’ 

■ 

Snow  &  Ice  Mass  Balance 

Accumulation  Rate 

SSM/I,  TOYS 

MIMR.  GLAS 

research  mode 

annual 

20  km 

Snow  Facies  Boundaries 

TM,  AVHRR,  SSM/I  SAR. 
SCAT 

MISR,  MODIS 
MIMR.  ASTER 

research  mode 

weekly 
no  winter 

5  km 

I  km 

2 

Ice  Thickening/Thinning 

ALT 

ALT 

GLAS 

proven 
technique 
not  until  early 
C21 

seasonal 

annual 

20  km 
(r\LT) 

5  km 

(GLAS' 

50  envy 
lOcm/y 

1 

— 

Precise  Mapping 

TM,  SPOT.  SAR 

100  m 

> 

Coarse  Scale  Morphology 

AVHRR,  OLS 

MODIS 

proven 

technique 

annual 

1-4  km 

1  km 

2 

Ice  Topography 

ALT,  SAR  interferometry 

GLAS 

proven 
technique 
not  until  early 
C21 

once 

500  m 
along  track 
1-5  km 

across 

track 

2  m 

1 

Mapping  Ice  Margin 

TM.  SPOT.  AVHRR.SAR 

ASTER.  GLAS 

proven 

technique 

100  m 

Ice-Stream  and  Glacier  Motion 

TM.  SPOT.  SAR 

ASTER 

proven 
technique 
needs  adequate 
data 

annual 

1  km 

25  nvy 

1 

Climatology' 

Surface  Temperature 

MISR.  ASTER 

MODIS 

research  mode 

daily 

4  km 

IK 

2 

Atm.  Humidity  Profile 

TOYS 

AIRS.  AMSU 

needs  data 

daily 

20  rh- 

2 

Atm.  Temperature  Profile 

TOYS 

AIRS.  AMSU 

needs  data 

daily 

1  km 
vertical 

1  K 

2 

Aerosol  Concentration 

SAGE  III 

research  mode 

daily 

TBD 

2 

Albedo  (ST  ,  Si  ) 

AVHRR.  TOVS.OLS 

MODIS 

research  mode 

dailv 

2% 

1 

Radiation  Balance 

AVHRR.  ATSR 

MODIS.  ASTER 

research  mode 

daily 

4  km 

20  Wm*'^ 

1 

Cloud  Fraction 

AVHRR 

ASTER.  MODIS 

research  mode 

dailv 

4  km 

5% 

j 

Cloud  Bottom  Height 

TOYS 

AIRS.  AMSU 

research  mode 

dailv 

4  km 

100  m 

j 

Surface  Wind  Speed  &  Direction 

no  technique 

dailv 

4  km 

1  m/s 

2 

Surface  Air  Temperature 

no  technique 

dailv 

4  km 

IK 

1 

Precipitation 

no  technique 

daily 

4  km 

5  cm  w.e./v 

3 

Table  4:  Data  Requirements  from  Satellites;  Snow  Cover  (after  Crane,  1993) 


Variable 

Satellite 

Sensor 

(present) 

EOS  Sensors 

Status 

Temporal 

Resolution 

Spatial 

Resolution 

Single 

Point. 

Accuracy 

Priority 

Snow  Cover  Extent,  Visible/IR 

AVHRR 

MODIS 

research  mode 

1  kra 

1 

Snow  Cover  Extent.  Passive  Microwave 

SSM/I 

AMSR 

25  km 

25  km 

1 

Snow  Water  Equivalent 

SSM>1 

AMSR 

research  mode 

daily,  weekly 

1 

Wet  Snow/Dry  Snow  Boundary 

SSM/I 

AMSR 

daily,  weekly 

3 

Albedo  i  Broadband  Surface) 

AVHRR 

MODIS 

liiiM 

daily,  weekly 

Ihh 

2 
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ABSTRACT 

The  focus  of  this  paper  is  on  interferometric  DEM  generation 
algorithms  from  imaging  geometry  analysis.  The  proper  description  of 
the  interferometric  imaging  geometry  is  presented.  As  a  result  of 
solving  the  two  sets  of  range-Doppler  equations  one  also  obtains  the 
interferometric  alongtrack  baseline  component.  This  fixes  the  imaging 
positions  of  each  pixel  in  the  case  of  known  antenna  tracks. 
Conversely,  if  the  relative  positions  of  the  antenna  tracks  are  not 
precisely  known,  one  may  adjust  the  interferometric  baseline  by 
comparing  the  azimuth-offsets  from  image  correlation  to  the  calculated 
alongtrack  baseline.  As  an  example,  the  angle  of  convergence  is 
estimated  using  single-pass  interferometric  DOSAR  data  motion 
compensated  to  individual  reference  tracks.  A  new  method  of 
estimating  the  absolute  phase  difference  is  suggested  which  exploits 
the  range-offsets  obtained  from  correlating  the  complex  image  pair. 
Finally,  it  is  shown  that  layover  produces  a  residual  tilt  in 
interferometric  DEM’s  if  the  crosstrack-coordinate  is  left  unfiltered. 

1.  INTRODUCTION 

Airborne  interferometric  SAR  allows  the  generation  of  potential¬ 
ly  high  resolution  Digital  Surface  Models  (DSM)  since  the  interfero¬ 
metric  phase  is  a  function  of  the  mapped  terrain  surface.  In  order  to  map 
the  interferometric  phase  to  the  surface  of  the  terrain  model,  two  differ¬ 
ent  operations  have  to  be  executed. 

The  first  step  is  the  phase  unwrapping  operation  which  aims  to 
guarantee  the  correct  multiplicity  to  the  phase  difference  between  0 
and  2n.  Due  to  the  inherently  noisy  interferometric  phase  this 
operation  is  already  subject  to  intense  scrutiny  by  the  remote  sensing 
scientific  community  in  order  to  develop  better  noise  compensating 
algorithms.  The  second  step  transforms  the  unwrapped  phase 
difference  to  the  surface  of  the  terrain  model.  Methods  are  presented 
for  improving  this  second  step. 

This  transformation  follows  both  from  two  sets  of  range-Doppler 
equations  representing  the  imaging  geometry,  one  for  each  antenna, 
and  from  the  phase  difference  relation  involving  the  slantrange 
difference  of  the  antennas.  We  will  term  this  set  of  five  equations  the 
Interferometric  Range-Doppler  Equations  (IRDE). 

In  this  paper  we  first  focus  on  the  description  of  the  IRDE.  Then 
we  suggest  a  new  phase  calibration  method.  From  the  exact  solution  of 
the  IRDE  follows  a  baseline  adjustment  approach.  Finally,  we 
demonstrate  how  separate  filtering  of  the  vertical-  and  crosstrack- 
DSM-coordinates  improve  the  precision  of  the  DSM. 

2.  THE  INTERFEROMETRIC  RANGE-DOPPLER 
EQUATIONS 

The  IRDE  describe  the  imaging  geometry  of  a  processed 
interferometric  image  pair  based  on  the  two  antenna  flight  tracks 
denoted  by  ^)(t)  =  (Pi(t),p2(t),P3(t))  and^(t)  where  t  is  the 
along-track,  or  azimuth  time,  referenced  to  one  track  (master  track). 
This  time  is  found  with  the  pixel  number  jp  in  azimuth  as  well  as  the 
azimuth  pixel  spacing  5^2  as  follows:  tp  =  (jp  “  1) 
is  the  averaged  velocity  on  track  p.  The  imaging  time  tq  of  the 
corresponding  pixel  on  the  slave  track  is  found  with  an  analogous 
relation.  In  a  similar  fashion  the  range  rp  from  the  master  track  is  found 
from  the  slantrange  pixel  spacing  6rp,  the  range  pixel  number  ip,  and 
the  range  rpo  to  the  first  image  pixel  with:  r  =  fp  =  ^po  +  • 

The  range  rq  to  the  corresponding  slave  pixel  is  obtained  from  the 
interferometric  phase  difference  relation: 


Ar  =  r^ 


(1) 


where  Acj)  denotes  the  calibrated  unwrapped  phase  difference  and  X  de¬ 
notes  the  wavelength.  The  range-Doppler  equations  are: 


lf(tp)-^(Vl  =  ^P 

|4(tq)-i(tq)l  =  r,  (4) 


)•  (^(tq)  -i(tq))  =  rjidq)  -4(tq)|sinP  (5) 

where:  t 

~  (x ,  y,  z) ,  position  of  the  imaged  groundpoint 

P(tp) 

=  velocity  of  antenna  p 

q(V 

=  velocity  of  antenna  q 

aL 

X 

=  velocity  of  the  groundpoint 

a 

=  processed  squint  angle  track  p 

p 

=  processed  squint  angle  track  q 

Geometrically,  the  two  range  equations  represent  two  spheres 
centered  at  the  imaging  positions  on  the  two  tracks.  The  Doppler 
equations  represent  cones  with  their  tips  located  at  the  imaging 
positions,  and  their  axes  pointing  in  the  direction  of  the  velocity 
vectors.  For  zero  squint  die  Doppler  cones  degenerate  into  zero- 
Doppler  planes. 


3.  A  NEW  PHASE  CALIBRATION  APPROACH 

Now  the  final  step  in  interferometric  DSM  generation  is  the 
calculation  of  the  groundpoint  coordinates  for  each  matched  image 
pixel  on  the  basis  of  the  antenna  tracks  and  the  unwrapped  phase 
difference.  In  order  to  do  this  we  first  have  to  find  the  correct  phase 
difference  offset  to  be  added  to  the  original  unwrapped  phase 
difference  A<t>o  so  that  equation  (1)  will  result  in  the  true  range 
difference.  This  operation  is  termed  phase  calibration  and  if  no  special 
calibration  setup  is  implemented  in  the  interferometric  SAR  system 
usually  requires  a  ground  control  point  (gcp).  In  certain  cases, 
however,  the  use  of  ground  control  might  be  avoided  using  the  range- 
offsets  ATc  obtained  from  image  correlation. 

In  the  case  when  the  range-offsets  Atc  from  the  correlation  of  the 
complex  image  pair  represent  the  absolute  range  difference  Ar  in  equa¬ 
tion  (1)  we  are  able  to  calculate  with  the  help  of  equation  (6): 

47cAr. 

(6) 

where  A<j)j^  is  averaged  over  all  matched  pixels  with  a  sufficiently  high 
correlation  coefficient.  We  use  die  same  window -size  for  filtering  A^q 
used  in  correlating  the  complex  image  pair. 

As  an  example,  given  a  range  pixel  size  of  0.624  m  and  an  offset 
precision  of  1/100  of  a  pixel  we  would  get  an  acceptable  error  in  the 
phase-offset  of  about  8°  by  averaging  over  100  pixels. 

Unfortunately,  in  airborne  interferometric  SAR-systems  both 
antennas  usually  have  different  internal  delay  times  so  there  is  an 
unkown  constant  range-offset  which  has  to  be  found  by  careful  range- 
calibration.  With  data  from  two  identical  antennas  in  one-pass 
interferometry  or  from  one  antenna  in  two-pass  interferomertry,  the 
new  phase  calibration  approach  should  work  since  the  offsets  from 
complex  image  correlation  should  offer  sufficient  precision  and  the 
number  of  pixels  used  can  be  quite  large. 
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4.  SOLUTION  OF  THE  INTERFEROMETRIC  RANGE- 
DOPPLER  EQUATIONS 


Once  the  absolute  range-offset  has  been  established  with  the  help 
of  the  calibrated  phase  difference,  we  are  able  to  solve  the  4  range- 
Doppler  equations  for  the  groundpoint  coordinates  t  and  the  nominal 
azimuth-offset  tq  -  tp.  The  nominal  azimuth-offset  disappears  for 
parallel  tracks  and  zero-Doppler  imaging  geometry  in  which  case  we 
only  have  to  solve  the  two  range  equations  and  one  zero-Doppler  plane 
equation.  In  all  other  cases  we  have  to  solve  4  different  equations,  two 
of  which  are  quadratic  and  the  other  two  linear  for  the  groundpoint 
coordinates.  In  the  general  case  of  nonlinear  tracks,  an  analytic 
expression  of  the  solution  cannot  be  given.  However,  we  can  always 
solve  two  range  equations  and  one  Doppler  equation  in  an  analytic 
fashion,  starting  with  an  initial  azimuth-offset,  and  then  testing  the 
solution  with  the  remaining  Doppler  equation.  This  establishes  an 
iterative  approach  for  solving  the  IRDE  with  arbitrary  precision  [3]. 

For  the  case  of  linear  tracks  a  noniterative  solution  can  be  given 
which  results  from  the  real  roots  of  a  fourth  order  polynomial  in  the 
vertical  DSM-coordinate  z  or  the  crosstrack  DSM-coordinate  y.  The 
DSM  x-coordinate  is  conveniently  selected  in  the  groundtrack- 
direction  of  the  master  track  and  is  thus  given  by: 

x=  (pj +  rsina)  cos0p  (7) 

where  0p  denotes  the  pitch  angle  of  the  master  track  velocity  vector.  The 
variable  pj  =  denotes  the  alongtrack  coordinate  of  the  scene,  where 
jp  denotes  the  alongtrack  pixel  number  and  is  the  alongtrack  pixel 
spacing.  The  transformation  between  the  vertical-  and  the  crosstrack- 
coordinate  is  found  with: 

y  =  ;Jr^(cosa)^-  (pj-z)^  (8) 

Typically  in  airborne  SAR,  one  motion  compensates  with  respect  to  a 
fixed  sensor  altitude  for  which  the  azimuth-offset  or  alongtrack  interfer¬ 
ometric  baseline  component  can  be  expressed  in  simpler  terms: 


_  e(tany)^-ytanY-i-rsina-  (r  + Ar)  sinpVl  +  (tany)^ 


1  +  ( tany) " 


(9) 


where: 


y  =  angle  of  convergence 

do  =  groundtrack  separation  at  the  first  image  pixel 
e  =  -  (dp/tany  +  pi)  =  distance  to  groundtrack  intersection 
By  =  (Bx  -  e)tany  =  crosstrack  baseline 


The  projection  of  the  imaging  geometry  to  the  tangent  plane  is  pictured 
in  Figure  2  for  right  pointing  antennae. 

In  the  case  of  horizontal  tracks  we  require  y  and  d^,  for  the  calcu¬ 
lation  of  the  vertical,  or  the  crosstrack,  DSM-coordinate.  The  variable 
do  can  be  given  as  a  function  of  the  absolute  platform  attitude  angles  at 
the  start  of  the  scene  for  an  airborne  single-pass  interferometric  SAR- 
system.  One  has  to  use  a  gcp  for  adjusting  do  if  these  angles  are  not  pre¬ 
cise.  If  the  platform  roll  angle  variation  is  available  we  might  find  the 
angle  of  convergence  with  the  following  equation: 


where  B  is  the  physical  baseline  length,  denotes  the  alongtrack 
length  of  the  processed  scene,  and  Ap  is  the  difference  of  the  platform 
roll  angles  at  the  beginning  and  at  the  end  of  the  processed  scene  seg¬ 
ment.  This  works  especially  well  when  the  roll  variation  is  nearly  linear 
as  demonstrated  with  IMU  data  pertaining  to  the  interferometric  data  set 
gathered  by  DOSAR  during  the  1994  campaign  in  Switzerland  [1],  [2]. 
Figure  1  shows  the  roll  angle  variation  for  a  particular  scene  segment 
which  was  used  to  generate  a  DSM  with  the  help  of  the  IRDE  for 
crossed  tracks.  The  crossed-tracks  geometry  was  caused  by  motion 
compensating  with  respect  to  individual  reference  track-directions. 

In  the  given  example  we  obtained  0.0008°  for  y  by  inserting  the 
values  of  B  =  1.06  m,  Ap  =  0.75°  and  =  960  m  into  equation  (10). 
The  value  of  y  was  confirmed  by  using  gcp’s  for  adjustment  of  the 
imaging  geometry  during  DSM  generation. 


Figure  2:  Imaging  geometry  in  the  tangent  plane  for  horizontal 
linear  tracks 


5.  ESTIMATING  THE  ANGLE  OF  CONVERGENCE  FROM 
THE  CORRELATION  AZIMUTH-OFFSETS 


We  exploit  equation  (9)  for  an  alternative  method  in  estimating  y. 
For  airborne  two-antennae  interferometric  SAR  systems  we  usually 
have  lyl  <  O.OP  and  a  =  p.  In  this  case  equation  (9)  simplifies  to: 

Bx  =  -(ytany-i- Arsina)  (11) 

which  shows  that  the  absolute  value  of  the  azimuth-offset  increases 
with  range  in  the  crossed-tracks  case  and  is  also  terrain  dependent. 


The  azimuth-offset  Ax  from  correlating  the  complex  image  pair 
usually  is  the  along-track  baseline  component  B^  plus  a  constant  A^. 
Thus  in  order  to  calculate  y  we  must  use  the  difference  of  the  correlation 
azimuth-offset  obtained  at  different  ranges  where  y  (r2)  ^  y  (fj)  : 


tany  = 


(Ax(rj)  -Ax(r2))  +  sina(Ar(rj)  -Ar(r2)) 

y  (^2^  -y(ri) 


(12) 


Of  course  y  is  still  a  function  of  y  so  we  would  have  to  use  an 
iterative  approach  to  find  the  angle  of  convergence.  But  if  we  are  only 
interested  in  the  order  of  magnitude  of  y  we  can  use  an  approximated 
crosstrack-coordinate  obtained,  for  example,  from  a  low  resolution 
reference  DEM. 


We  correlated  the  complex  image  pair  processed  from  200  MHz 
DOSAR  data  [1]  with  a  16x16  window.  The  pixel-size  of  the  used  data 
set  was  0.58x0.62  m^  (azimuthxrange).  The  offset  precision  was  set  to 
pixel-size/20.  The  offsets  were  updated  at  9.3  m  intervals  in  azimuth, 
and  at  10  m  intervals  in  range.  When  we  inserted  the  corresponding 
offsets  into  equation  (12)  for  all  r2  -  ri  =  10  m  no  trend  could  be 
detected.  Averaging  y  over  all  samples  resulted  in  y=:  0.001°.  We  have 
yet  to  confirm  this  method  with  additional  data  sets. 
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6.  LAYOVER  AND  NOISE  INFLUENCE  IN  THE  DSM 
CROSSTRACK-COORDINATE 

It  is  not  adviseable  to  filter  the  phase  difference  heavily  before 
DSM  calculation  because  this  will  reduce  singular  DSM-elevation 
values  unnecessarily.  On  the  other  hand,  leaving  the  phase  difference 
essentially  unfiltered  will  cause  DSM  deformation  in  the  vertical  and 
crosstrack  DSM-coordinates.  If  we  want  to  measure  the  elevations  of 
individual  objects  more  precisely  we  might  want  to  accept  a  certain 
degree  of  noise  in  the  vertical  DSM-coordinate  z.  However,  the  same 
degree  of  noise  is  unacceptable  in  the  crosstrack-coordinate  y  since  it 
will  turn  the  slantrange  into  a  less  monotonic  function  of  y  [1].  But 
even  if  we  have  strongly  reduced  the  noise  influence  by  filtering  the 
interferometric  phase  will  we  measure  some  crosstrack  displacements 
of  steep  surface  features.  This  can  be  attributed  to  the  layover  effect 
resulting  from  the  SAR  slantrange  geometry: 

When  the  slope  facing  the  radar  is  greater  than  the  off-nadir  angle 
we  have  more  than  one  ground  location  corresponding  to  the  same 
slantrange;  a  situation  which  is  equivalent  to  a  nonmonotonic 
slantrange  as  a  function  of  groundrange.  As  a  result,  signatures  from 
locations  whose  ranges  correspond  to  the  same  range  sample  mix  and 
we  obtain  only  one  elevation  value  per  slantrange  pixel,  thereby 
changing  the  form  of  the  imaged  features  upon  slantrange-to- 
crosstrack  transformation  with  equation  (8). 

These  layover  areas  are  not  masked  with  DOSAR  data  for  two 
reasons: 

•  Their  correlation  coefficient  reaches  values  in  excess  of  0. 87  whe¬ 
re  correct  elevations  are  obtained  in  non-overlaid  regions. 

•  Due  to  the  high  range  resolution  of  the  2CX)  MHz  range-chirp  data, 
very  small  surface  objects  are  resolved  which  tend  to  have  radar 
facing  slopes  greater  than  the  off-nadir  angle.  Therefore,  we  also 
want  to  preserve  as  well  as  possible  the  form  of  these  objects  in 
the  surface  model. 

Without  signal  mixing,  a  symmetric  peak  in  groundrange  pictured 
in  Figure  3  would  be  tilted  towards  the  radar  in  slantrange-coordinates 
as  in  Figure  4.  The  tilt  is  such  that  it  would  be  exactly  offset  when 
going  from  slantrange  to  groundrange,  thereby  restoring  the  original 
form  again.  But  in  reality  the  peak  in  slantrange  will  be  more 
symmetric  because  one  can  obtain  only  one  elevation  for  each  range 
pixel.  Transforming  the  more  symmetric  peak  back  to  groundrange, 
however,  results  in  a  net  tilt  away  from  nadir. 
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Figure  3:  Peak  in  groundrange-coordinates 
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Figure  4:  Peak  in  slantrange-coordinates 

This  happens  with  all  surface  features  having  sufficiently  steep  ra¬ 
dar  facing  slopes  which  is  the  case  for  mostly  small-scale  objects.  Thus 
when  we  straighten  out  the  crosstrack-coordinate  relative  to  slantrange 
so  much  that  local  ambiguities  disappear  we  will  obtain  a  monotonic 
slantrange  which  removes  the  tilt  in  the  DSM.  This  has  been  done  with 
27x27  moving  average  filter  of  y  in  Figure  6.  Smaller  window  sizes  re¬ 


sulted  in  more  or  less  residual  tilt  which  a  crosstrack  filtering  window 
size  of  of  3x3  demonstrates  in  Figure  5.  The  filtering  window  size  has  to 
be  adjusted  to  the  expected  overlaid  slantrange  intervals.  On  the  other 
hand,  one  should  not  filter  too  strongly  in  order  to  preserve  crosstrack 
topographic  information  as  much  as  possible.  As  a  rule  of  thumb  the 
maximum  window  size  n  for  crosstrack  smoothing  may  be  calculated 
with  the  following  equation: 

n=  [(r2-rj)/6r]  (13) 


where:  r^  =  J{y~+Ay)^+  (P3-  (Zj.gf  + Az)) 


Az  and  Ay  are  the  vertical  and  illuminated  crosstrack 
dimensions  of  the  overlaid  object,  yo  is  the  minimum 
groundrange,  and  z^^f  is  medium  elevation  of  the  scene. 
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Figure  5:  Crosstrack  elevation  profile  filtered  with  3x3  window  size 
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Figure  6:  Crosstrack  elevation  profile  filtered  with  27x27  window 
size 

7.  CONCLUSION 

It  was  found  that  one  has  to  solve  the  Interferometric  Range- 
Doppler  Equations  for  a  correct  description  of  the  interferometric 
imaging  geometry.  Doing  so  one  also  obtains  a  model  of  the  alongtrack 
interferometric  baseline  which  may  be  adjusted  with  offsets  from 
complex  image  correlation  in  the  case  of  crossed-tracks  geometry. 
Using  the  range-offsets  in  combination  with  the  suggested  phase 
calibration  approach  one  would  be  less  dependent  on  ground  control 
points;  a  situation  especially  convenient  in  spacebome  interferometry 
for  large  area  investigations. 

High  resolution  interferometric  DSM  generation  requires  separate 
filtering  of  the  DSM  crosstrack-coordinate.  The  window  size  has  to  be 
adjusted  to  the  local  ambiguities  which  occur  as  a  result  of  layover. 
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Abstract  --  The  development  of  high  (2m)  resolution 
interferometric  SAR  (IFSAR)  instrumentation  makes 
extraction  of  man  made  and  natural  urban  structures 
feasible.  In  particular,  we  consider  building 
extraction  from  imagery  of  an  urban/industrial  area. 
IFSAR  imagery  are  particularly  well  suited  for  this 
task  because  these  data  include  the  measured 
elevation  as  well  as  the  coherence  and  intensity  of  the 
back  scattered  radiation.  Gradients  in  the  IFSAR 
elevation  correspond  directly  to  elevation  edges. 
Coherence  and  intensity  data  can  be  combined  to  give 
specific  information  about  the  scattering  properties  of 
the  viewed  surface.  The  disadvantage  of  IFSAR 
imagery  is  that  these  data  are  typically  of  lower 
resolution  and  contain  greater  noise  than  other  data 
such  as  optical  photography,  also  the  data  contain 
specific  artifacts  that  must  be  removed.  Indeed,  the 
motivation  for  building  and  tree  extraction  behind 
this  work  is  the  need  to  remove  noise  and  artifacts 
from  the  IFSAR  data.  Techniques  for  removing 
artifacts  that  are  peculiar  to  IFSAR  data  are 
particularly  discussed. 

OVERVIEW 

The  goal  of  this  project  was  to  develop  tools  that  can 
be  used  to  improve  digital  elevation  models  (OEMs) 
that  were  produced  from  interferometric  synthetic 
aperture  radar  (IFSAR).  We  obtained  data  for  two 
different  sites  at  Sandia  National  Laboratory.  The 
data  that  we  could  use  for  the  two  sites  included  (1) 
the  backscattered  power,  (2)  the  IFSAR  elevation  in 
meters  from  sea  level  (3)  the  binning  number  and  (4) 
the  maximum  correlation.  The  binning  number  and 
maximum  correlation  arise  from  the  rectification  of 
the  power  and  elevation.  The  data  are  originally 
processed  into  range  and  azimuth,  but  for 
rectification  the  range  and  azimuth  data  are 
transformed  into  the  horizontal  coordinate  system 
This  transformation  is  accomplished  with  the  use  of 
the  IFSAR  elevation.  Since  the  range  and  azimuth 
data  do  not  transform  uniformly  to  the  horizontal 
coordinate  system  (because  of  differing  elevations), 
the  data  are  collected  into  uniformly  spaced  bins. 
The  binning  number  is  the  number  of  range  and 
azimuth  measurements  to  fall  into  a  bin  normalized  to 
0-7803-3068-4/96$5.00©1996  IEEE 


the  average.  The  binning  number  gives  additional 
information:  regions  of  rising  elevation  have  a 
smaller  binning  number  and  regions  of  decreasing 
elevation  have  larger  binning  number.  As  we  shall 
see,  the  binning  number  can  be  very  helpful, 
particularly  for  the  removal  of  front-porch  anom^ies. 

Although  many  measurements  fall  into  a  given  bin, 
the  final  elevation  assigned  to  that  bin  is  taken  from 
only  one  measurement,  the  measurement  with  the 
greatest  correlation.  If  and  ^2  are  the  complex 
signals  received  by  each  of  the  antennas,  the 
correlation  is  5'i52/l5'ill5’2l.  The  maximum 
correlation  is  the  greatest  correlation  of  the 
measurements  to  fall  in  a  bin. 

Our  work  with  DEM  reconstruction  follows  four 
approaches.  The  first  approach  is  image  filtering; 
the  second,  tree  recognition  and  extraction;  the  third, 
building  recognition  and  extraction,  and  the  fourth  is 
building  model  construction  and  DEM  reconstruction 
using  the  building  models  and  the  “bare-earth”  DEM. 

IMAGE  FILTERNG 

The  first  step  in  the  DEM  improvement  is  noise 
reduction  through  digital  filtering.  Noise  in  the  DEM 
is  due  to  phase  noise  in  the  interferogram. 
Essentially,  the  idea  with  digital  filtering  is  that  noise 
scale  lengths  are  typically  smaller  than  scale  lengths 
of  real  features.  Application  of  the  filter  alters  the 
signal  at  small  scales  leaving  the  large  scales  intact. 
Any  features  on  the  noise  scale  are  always  destroyed 
by  the  filter. 

Context-Sensitive  Diffusion 

For  noise  filtering,  we  use  a  true  multi-length  scale 
method  based  upon  the  diffusion  equation.  The 
diffusion  length  scale,  which  is  the  scale  length  that  is 
diffused  in  a  single  iteration,  is  large  in  regions  with 
no  feature  edges,  but  small  near  feature  edges.  Thus, 
noise  is  removed  to  the  greatest  extent  possible,  but  at 
the  same  time  the  position  and  abruptness  of  feature 
edges  are  preserved. 
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Consider  the  vector  gradient  g,,  where 
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This  gives  the  gradient  that  is  consistently  present 
across  different  length  scales.  The  anisotropic 
diffusion  coefficient  is  now  a  tensor: 

(gg)-<g)(g) 

(gXg) 

and  the  diffusion  equation  is 

dh 


dt 


=  V  •D»V^. 


Consider,  for  example 


{gD-ig^y 
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If  the  length-scale-average  gradient  (g^)  is  large, 
that  is,  if  the  gradient  persists  across  length  scales, 
then  it  is  probably  a  feature  edge  and  the  diffusion  is 
small.  On  the  other  hand,  if  the  deviation, 

{gl)  —  {gj^y  is  large,  then  the  gradients  do  not 

persist  across  length  scales,  and  the  diffusion  is 
large.  The  diffusion  tensor  will  be  nearly  diagonal  in 
a  coordinate  system  that  has  one  coordinate  aligned 
with  the  local  feature  edge  and  one  coordinate  that  is 
normal  to  the  local  feature  edge,  and  so  the 
anisotropic  formulation  has  the  virtue  that  it  is 
capable  of  smoothing  along  edges  while,  at  the  same 
time,  preserving  the  edge’s  position  and  steepness. 

Front  Porch  Removal 

In  Fig.  1,  we  show  an  example  of  a  building  with  a 
prominent  “front  porch”  anomaly.  This  effect 
appears  as  an  extended  region  on  the  near-range  side 
of  the  building  that  is  characterized  by  elevations  in 
between  the  elevation  at  the  ground  and  the  elevation 
at  the  building  top. 


Fig.  1:  Perspective  optical  view  of  a  building  in 
elevation  for  the  same  building  (B).  The  sloped  region 
front  porch  effect. 

Cuts  of  elevation,  intensity  and  normalized  binning 
number,  for  the  same  building  as  was  seen  in  Fig.  1, 
are  shown  in  Fig.  2  We  see  that  the  front  porch 
region  is  characterized  by  intermediate  elevation  and 
enhanced  intensity,  and  it  begins  and  is  terminated  by 
anomalously  low  binning  numbers.  Based  on 
geometric  considerations,  we  expect  the  overall 
length  of  the  front  porch  region  to  be  2A/?  sin(0,  ), 
where  Ah  is  the  height  of  the  building  above  the 
surrounding  terrain  and  0,  is  the  incidence  angle  to 
the  terrain  in  front  of  the  building.  Since  the  nominal 
incidence  angle  is  about  45°,  we  expect  that  the 
length  of  tlie  front  porch  will  be  approximately  2Ah 


the  B-894  scene  (A),  and  a  perspective  view  of  the  IFSAR 
in  front  of  the  building  in  the  IFSAR  elevation  is  due  to  the 

In  the  case  of  Fig.  2,  A/i  «  13  m  and  the  length  of 
the  front  porch  is  about  26  m. 

We  use  these  signatures  to  identify  and  correct  for 
front  porch  regions,  however,  it  should  be  noted  that 
in  the  process,  any  actual  features  in  the  front  porch 
region  (such  as  real  front  porches!)  are  lost. 
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Fig.  2:  The  elevation,  intensity  and  binning  number 
for  cuts  through  the  building  shown  in  Fig.  1.  The 
cross  hatched  region  is  the  front  porch  anomaly. 

The  comparison  between  the  IFSAR  elevation  and 
the  manually  derived  elevation  is  given  in  a  more 
quantitative  manner  in  Figure  3.  Figure  3a  shows  the 
comparison  between  the  IFSAR  elevation  (3x3 
median  filtered)  and  the  manually  derived  elevation, 
and  3b  shows  a  comparison  between  the  IFSAR 
elevation  that  has  been  processed  with  context 
sensitive  diffusion  and  front  porch  removal  and  the 
manually  derived  elevation.  First,  considering  the 
back  and  side  edges  of  buildings,  we  see  that  the 
context-sensitive  diffusion  has  completely  maintained 
the  gradients  on  these  edges,  but  in  the  flat  regions, 
the  context-sensitive  diffusion  has  substantially 
reduced  the  error  that  is  due  to  thermal  noise.  The 
front  edges  of  buildings  in  Figure  3a  are 
characterized  by  first  white,  indicating  that  the 
IFSAR  elevation  is  greater  than  the  manually  derived 
elevation,  followed  by  black,  indicating  the  opposite. 
We  see  that  the  black  regions  are  almost  completely 
removed  by  front  porch  removal  andwhite  regions  are 
reduced  substantidly. 

CONCLUSIONS 

We  have  achieved  remarkable  progress  toward 
automatic  DEM  reconstruction.  The  combination  of 
context-sensitive  diffusion  and  front  porch  removal 
yields  dramatic  improvement  in  the  DEMs,  and 
DEMs  that  compare  very  well  to  the  manually 
derived  DEM.  Due  to  space  limitations,  we  cannot 
further  discuss  building  extraction  except  to  note  that 
an  approach  such  as  given  in  [1]  seems  to  work  well 
for  this  problem. 
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Abstract  -  The  statistics  of  the  classical  coherence  esti¬ 
mator  are  derived  for  Gaussian  scenes.  It  is  shown  that 
the  coherence  estimator  is  generally  biased  towards  higher 
values  for  partially  coherent  areas.  The  multi-look  coher¬ 
ence  estimator  is  then  analyzed,  and  the  statistics  of  the 
classical  coherence  estimator  are  used  to  remove  the  bias 
from  the  coherence  estimate.  A  new  method  for  coherence 
estimation  from  the  multi-look  complex  coherence,  is  intro¬ 
duced.  It  is  shown  that  the  multi-look  complex  coherence 
estimate  is  less  biased  than  the  multi-look  magnitude  co¬ 
herence.  The  statistics  of  the  complex  coherence  estimator 
are  derived  and  used  to  remove  the  coherence  bias, 

INTRODUCTION 

In  different  modes  of  Synthetic  Aperture  Radar  (SAR) 
imaging  such  as  interferometry,  multi-temporal  acquisition, 
and  polarimetry,  the  radar  signal  is  measured  in  mutiple 
channels  and  the  information  provided  by  the  channel  cor¬ 
relation  may  be  used  as  a  source  of  information.  The  de¬ 
gree  of  coherence,  called  the  coherence,  is  defined  in  [1] 
^s  the  magnitude  of  the  correlation  coefficient  of  the  com¬ 
plex  signal  data.  The  coherence  is  calculated  to  provide  a 
coherence  map  [2],  which  is  currently  used  for  target  clas¬ 
sification  [3,4].  Quantitative  coherence  information  is  very 
important  in  many  applications  and  as  such  the  coherence 
should  be  estimated  accurately. 

In  interferometry,  the  two  original  complex  channels  zi 
and  Z2  are  generally  combined  to  output  different  multi¬ 
look  products  such  as  the  interferogram  and  a  coherence 
map.  Each  pixel  value  of  the  multi-look  coherence  map 
corresponds  to  the  coherence  value  calculated  with  L  in¬ 
dependent  samples  contained  in  each  pixel.  Generally,  the 
original  complex  files  are  not  stored,  and  only  the  multi¬ 
look  information  is  available.  The  multi-look  coherence 
map  pixel  values  of  the  selected  area  are  averaged  to  pro¬ 
vide  an  estimate  of  the  coherence. 


to  remove  the  estimate  bias  using  the  statistics  of  the  classi¬ 
cal  coherence  estimator.  A  new  method  is  then  introduced 
for  coherence  estimation  from  multi-look  complex  coher¬ 
ence.  The  statistics  of  the  complex  coherence  estimator 
are  derived  and  used  to  remove  the  coherence  bias. 

CLASSICAL  COHERENCE  ESTIMATOR: 

DEFINITION  AND  STATSISTICS 


Definition: 


The  complex  coherence  of  two  complex  signals  zi  and  Z2 
is  defined  in  [1]  by: 


E(ziZ2*) 

VI(RFv/I(N^ 


(1) 


where  E{x)  is  the  expectation  of  x  .  The  coherence  is  the 
magnitude  D  of  the  complex  coherence.  Given  N  signal 
measurements,  the  classical  estimator  of  the  complex  co¬ 
herence  is: 


_ <  ZiZ2*  > _ 


(2) 


where  <  zi  >=  sample  number. 

The  coherence  estimator  d  =  D  is  defined  as  the  mag¬ 
nitude  of  the  complex  coherence  estimate:  D  =  |7|.  It  is 
shown  in  [5]  that  d  is  the  maximum  likelihood  estimator  of 
the  coherence. 


STATISTICS  OF  THE  CLASSICAL  ESTIMATOR 
WITH  GAUSSIAN  AREAS 

The  probability  density  function  (pdf)  of  the  classical 
coherence  estimator  d  =  D  is  derived  in  [6]  for  two  circular 
Gaussian  processes.  The  pdf  expression  is  used  to  derive 
the  moments  of  k  order: 


In  this  paper,  the  statistics  of  the  classical  coherence  es¬ 
timator  are  derived  for  Gaussian  scenes.  The  multi- look 
coherence  estimator  is  analysed  and  a  method  is  proposed 


TiL  +  k/2)  ’ 

•3^2(1 +  ifc/2,L,L;i  +  fc/2;  !;£»")  (3) 
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This  equation  can  be  used  to  deduce  the  mean  and  the 
variance  of  d.  Figure  1  presents  the  mean  of  the  estimated 
coherence  E[d)  =  E{b)  as  a  function  of  the  real  coherence 
value  D.  As  can  be  seen,  the  coherence  estimator  d  is  un¬ 
biased  for  highly  coherent  areas,  i.e.  with  high  D  values. 
The  estimator  becomes  biased  towards  higher  values  for 
partially  coherent  areas,  i.e.  low  D  values,  with  a  resulting 
reduction  of  contrast  between  areas  of  different  coherence. 
The  bias  decreases  with  increasing  number  of  independent 
samples  i.  It  becomes  insignificant  within  areas  of  lower 
D  values  if  an  infinite  number  of  independent  samples  are 
integrated  during  the  estimation  process. 

UNBIASED  ESTIMATION  OF  THE  COHERENCE 
FROM  MULTI-LOOK  COHERENCE  DATA 

Multi-look  coherence  estimator: 

Given  N  independent  L-look  coherence  samples,  the 
multi-look  coherence  estimator  dj,  —  D  is  defined  as  the 
average  of  the  N  sample  values:  di  =  where 

di  is  the  multi-look  coherence,  i  is  the  sample  number, 
and  N  is  the  number  of  integrated  multi-look  coherence 
samples.  It  can  be  shown  that  E{dL)  =  £^(^1,))  and 
var{dL)  =  var{dL)/N. 

Hence,  the  dispersion  of  the  estimate  around  the  mean 
coherence  E{di)  becomes  narrower  after  the  sample  aver¬ 
aging  process.  The  probability  distribution  becomes  tightly 
concentrated  around  E{dL)  and  the  bias  can  be  removed 
using  equation  (3)  with  the  known  number  of  independent 
looks  L  contained  in  each  sample.  The  error  bar  is  derived 
in  [5]  as  a  function  of  the  number  N  of  independent  multi¬ 
look  {L)  samples  integrated,  and  the  standard  deviation  of 
the  coherence  estimate  di. 

This  method  called  the  “multi-look  magnitude  coherence 
estimate  method”  is  validated  in  [5]  using  actual  SAR  data. 
The  results  obtained  for  Gaussian  areas  can  be  extended 
to  K-distributed  areas  as  it  was  done  in  [7].  This  allows 
the  user  to  extend  the  application  of  such  results  to  a  wide 
range  of  natural  extended  targets  (forest,  rock,  and  ocean). 
The  method  is  used  in  [8]  to  remove  the  bias  from  coher¬ 
ence  estimated  Gaussian  and  K-distributed  scenes  on  ERS- 
1  data. 

UNBIASED  ESTIMATION  OF  THE  COHERENCE 
FROM  MULTI-LOOK  COMPLEX  COHERENCE  DATA 

Multi-look  complex  coherence  estimator: 

In  interferometry,  the  multi-look  channel  phase  differ¬ 
ence  is  stored  in  addition  to  the  multi-look  (magnitude) 


coherence.  This  phase  difference  is  the  argument  of  the 
muti-look  complex  coherence.  The  classical  estimator  7  of 
the  complex  coherence  T  over  L  independent  samples  is 
defined  by: 

An  estimate  of  the  complex  coherence  T  can  be  obtained 
by  averaging  the  N  multi-look  complex  coherence  estimates 
jLi  (the  L-look  complex  coherence  calculated  over  the  sam¬ 
ple  i)  over  the  area  under  study:  T  =  7^,  =  ^ 

The  multi-look  complex  coherence  estimator  is  defined 
as  the  magnitude  of  the  integrated  complex  coherence: 
d  =  |T|  =  |7£,|.  Compared  to  the  multi-look  magnitude  co¬ 
herence  estimator  discussed  previously,  the  multi-look  com¬ 
plex  coherence  estimator  uses  the  phase  during  the  averag¬ 
ing  process.  This  should  lead  to  more  accurate  coherence 
estimation,  as  shown  below.  Since  T  is  taken  here  as  the 
estimate  of  £*(7),  the  first  order  statistics  of  the  complex 
coherence  estimator  7  have  to  be  derived  in  order  to  re¬ 
move  an  eventual  bias,  and  to  calculate  the  precision  of  the 
estimate. 

Statistics  of  the  complex  coherence  estimator  for  Gaussian 
areas: 

The  bias  expression  for  the  complex  coherence  estimate 
7  is  derived  in  [5]  for  Gaussian  scene.  Figure  2  presents  the 
bias  on  the  estimate  |£(7)|  as  a  function  of  the  real  value 
Dy  for  different  values  of  L.  The  two  following  points  are 
noted: 

•  The  bias  on  the  magnitude  of  the  integrated  complex 
coherence  is  lower  than  the  bias  on  the  classical  coher¬ 
ence  estimator  d  presented  in  Figure  2. 

•  The  bias  of  the  multi-look  complex  coherence  estimate 
decreases  very  rapidly  with  the  increasing  L.  It  be¬ 
comes  practically  insignificant  for  relatively  large  L 
{L  >  20).  For  the  same  L  value  (i.e.  L  =  20),  the 
classical  estimator  is  largely  biased  for  low  coherence 
areas,  as  can  be  seen  in  Figure  1. 

This  method  called  “the  multi-look  complex  coherence 
estimate  method”  is  validated  in  [5]  using  actual  SAR  data. 
The  error  bar  is  derived  in  [5]  as  a  function  of  the  number 
N  of  independent  multi-look  samples  integrated,  and  the 
standard  deviation  of  the  complex  coherence  estimate  'yi. 
Since,  the  complex  coherence  statistics  derived  for  Gaus¬ 
sian  scene  are  still  available  for  K-distributed  scenes,  the 
method  can  be  applied  to  both  Gaussian  and  K-distributed 
scenes. 
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CONCLUSION 

The  classical  coherence  estimator  is  biased  towards 
higher  values  for  partially  coherent  areas.  Even  if  a  large 
number  of  samples  are  integrated  during  the  estimation 
process,  the  coherence  estimated  from  one-look  complex 
data  might  still  be  biased  for  very  low  coherence  values. 
The  estimator  statistics  have  to  be  used  for  the  accuracy 
assessement  of  the  coherence  estimation  from  one-look  com¬ 
plex  data. 

For  coherence  estimation  using  multi-look  coherence 
data,  the  statistics  of  the  classical  estimator  can  be  used  to 
remove  the  bias  of  the  coherence  estimated  over  Gaussian 
or  K-distributed  scenes.  The  precision  of  the  coherence  es¬ 
timate  can  also  be  £issessed  using  the  values  of  the  number 
of  looks  L  contained  in  each  sample,  and  of  the  number  N 
of  averaged  multi-look  samples. 

The  multi-look  complex  coherence  method  is  less  biased 
than  the  multi-look  magnitude  coherence  method.  For 
Gaussian  or  K-distributed  scenes,  the  coherence  might  be 
estimated  from  multi-look  complex  coherence  data  with  a 
relatively  large  number  of  looks.  This  yields  a  coherence  es¬ 
timate  which  does  not  need  any  bias  removal  in  a  practical 
sense,  as  is  the  case  for  a  multi-look  magnitude  coherence 
estimator.  For  low  L  values,  the  statistics  of  the  complex 
coherence  estimator  can  be  used  to  remove  the  bias  on  the 
coherence  estimate. 
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Figure  1:  Coherence  bias  for  various  looks. 


Figure  2:  Complex  coherence  bias  for  various  looks 
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Abstract 

This  paper  describes  automated  algorithms  that  generate 
map  products  in  a  rapid  fashion  with  interferometric 
synthetic  aperture  radar  (IFSAR)  data  set.  The  input 
IFSAR  data  set  consists  of  backscatter,  elevation  and 
correlation  images  and  the  automatically  extracted  map 
elements  include  land-use  polygons,  transportation 
networks,  buildings/man-made  structures,  bald-earth 
elevation  contours  and  hydrology  networks.  A  calculator 
computes  five  feature  images  from  the  IFSAR  data  set  and 
the  five  feature  images  serve  as  inputs  to  a  hybrid 
unsupervised  classification  algorithm  which  segments  the 
scene  into  five  classes.  The  five  classes  include  fields, 
trees,  urban  area/man-made  structure,  water  and  unknown. 
The  classification  results  allows  a  bald-earth  terrain  model 
to  be  extracted  from  the  IFSAR  terrain  model  using  a 
novel  algorithm.  The  difference  between  the  bald-earth 
elevation  and  the  original  IFSAR  elevation  can  be  used  in 
conjunction  with  the  classification  map  to  identify  and 
estimate  the  heights  of  buildings,  man-made  structures  and 
trees.  Elevation  contours  and  hydrology  networks  derived 
from  the  bald-earth  model  can  be  shown  to  be  more 
accurate  than  that  derived  from  the  IFSAR  model. 
Transportation  networks  are  identified  using  a  road 
extraction  technique  based  on  rotational  energy  summation. 
Sample  map  products  are  shown  to  demonstrate  the 
efficiency  and  accuracy  of  the  automated  algorithms. 

1  INTRODUCTION 

This  report  summarizes  work  in  the  area  of  feature- 
based  classification  of  interferometric  synthetic  aperture 
radar  (IFSAR)  imagery  for  rapid  mapping.  Conventional 
mapping  science  relies  upon  passive  optical  instruments  to 
provide  data  for  map  construction.  Topography  is  extracted 
by  viewing  stereo  images  and  plotting  contour  lines.  The 
derived  topography  is  used  to  correct  (orthorectify) 
geometric  distortions  in  the  imagery.  Features  of  interest 
are  identified  and  traced  from  the  orthorectified  imagery  and 
stored  in  a  data  base.  The  operations  described  above  are 
typically  performed  manually  which  translates  into  high 
production  costs.  Furthermore,  optical  sensors  require 
daylight  and  favorable  weather  conditions  for  successful 
operations. 

Interferometic  synthetic  aperture  radar  can  address  these 
optical  limitations.  Radar  systems  are  active  sensors 


which  can  operate  during  day  or  night,  as  well  as  adverse 
weather  conditions.  The  use  of  two  antennas 
simultaneously  provides  the  capability  of  deriving 
elevation  measurement  for  each  pixel  using  interferometric 
techniques  [1].  Not  only  does  this  proivde  a  registered 
elevation  map,  but  also  allows  the  imagery  to  be 
geometrically  corrected  for  terrain  effects  as  it  is  processed. 
In  addition,  topographic  contours  can  be  immediately 
extracted. 

The  three-imagery  IFSAR  data  set,  which  consists  of 
backscatter,  elevation  and  correlation  measurements,  is 
well  matched  for  land-use  classification.  The  three 
measurements  can  be  considered  as  features  and  a  feature 
vector  for  a  particular  pixel  in  the  scene  is  the  collection  of 
feature  values  at  that  location.  Pixels  of  a  particular  land- 
type,  or  class,  can  possess  a  particular  signature  in  the  data 
set,  where  a  signature  is  the  global  feature  vector  of  the 
corresponding  class.  Land-use  classification  can  be 
accomplished  by  partitioning  the  classes  of  pixels 
according  to  the  signatures. 

2  DATA  SET 

The  three-imagery  IFSAR  data  set  was  collected  by  the 
Army  Topographic  Engineering  Center's  IFSAR  airborne 
system,  which  is  operated  by  the  Evironmental  Research 
Institute  of  Michigan.  The  ERIM/TEC  sensor  is  known 
as  IFSARE.  The  output  IFSARE  data  set  consists  of 
2.5m  square  pixels  of  backscatter,  elevation  and  correlation 
measurements.  The  data  set  used  here  was  of  a  test  site 
near  Ann  Arbor,  Michigan,  known  as  the  Dexter/Chelsea 
site.  The  site  is  approximately  15  km  by  12  km  and  is  a 
mix  of  mostly  farms,  fields  and  small  stands  of  trees.  The 
area  is  quite  flat,  with  dominant  topographic  features  being 
the  tree  stands  and  man-made  structures.  The  acquisition 
date  for  this  data  was  in  February  1995. 

The  backscatter  file  corresponds  to  the  multilooked- 
orthorectified  imagery  of  the  scene.  Elevation  is  calculated 
from  the  phase  difference  in  processed  complex  imagery  of 
the  two  interferometric  antennas.  The  measurements  in  the 
correlation  file  indicates  the  coherence  between  the 
measurements  made  by  the  two  antennas  on  the  airborne 
platform.  Correlation  can  be  represented  as  the  product  of 
decorrelating  effects.  For  the  IFSARE  system,  there  are 
three  main  decorrelating  effects  which  must  be  considered: 
spatial  baseline  decorrelation,  thermal  noise  decorrelation 
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and  volume  scattering  decorrelation.  Since  the  spatial 
baseline  decorrelation  effect  can  be  modeled  [2],  and  the 
signal-to-noise  ratio  of  the  data  is  known,  one  can  estimate 
the  relative  volume  scattering  by  correcting  the  correlation 
values  for  these  two  effects.  The  volume  scattering 
parameter  is  particularly  useful  for  finding  tree  canopies 
and  other  vegetation  [3,  4]. 

3  FEATURE  CALCULATOR 

The  feature  calculator  extracts  feature  information  from 
the  IFSARE  data  set  for  land-use  classification.  The 
inputs  to  the  feature  calculator  are  the  backscatter  file,  the 
elevation  file  and  the  correlation  file.  All  input  files  are  in 
floating  point  format,  as  provided  directly  by  the  IFSARE 
processor.  The  outputs  consists  of  five  byte-format  files: 
backscatter  file,  correlation  file,  volume  scattering  file, 
RMS  backscatter  file  and  RMS  slope  file.  The  five 
features  are  used  by  the  classifier  to  determine  land  use. 

4  LAND-USE  CLASSIFICATION 

The  purpose  of  the  land-use  classifier  is  to  segment  the 
scene  into  five  classes:  1)  fields,  2)  trees,  3)  urban 
area/man-made  structure,  4)  water  and  5)  unknown.  A 
hybrid  unsupervised  classification  technique  was  used  to 
perform  land-use  classification  on  the  Dexter/Chelsea  data. 

In  this  hybrid  approach,  the  scene  is  first  segmented 
with  the  ISODATA  K-means  algorithm.  This  algorithm 
is  an  unsupervised  classification  algorithm  which 
partitions  the  feature  space  into  N  number  of  classes.  N  is 
user-defined  and  is  greater  than  the  desired  number  of 
classes.  Next  the  user  would  examine  each  of  the  N 
classes  and  utilizes  his/her  knowledge  of  SAR  imagery  to 
classify  each  class  as  fields,  trees,  urban  area/man-made 
structure,  water  or  unknown.  We  are  currently 
investigating  automating  ths  process  by  performing 
restrictive  relative  analysis  on  the  class  signature  vectors  in 
the  feature  space. 

5  FEATURE  EXTRACTION 

In  conjunction  with  IFSARE  data  set,  the  results  of 
land-use  classification  allow  features  such  as  land-use 
polygons,  bald-earth  digital  elevation  model,  trees, 
buildings,  power  poles,  as  well  as  transportation  networks 
to  be  identified  and  located. 

The  dominant  topographic  features  in  the 
Dexter/Chelsea  data  set  are  trees  and  man-made  structures. 
Hence,  drainage  networks  derived  from  the  IFSARE  digital 
elevation  model  (DEM)  are  inaccurate.  To  alleviate  this 
problem,  pixels  which  have  been  classified  as  trees  or 
urban  are^man-made  structure  are  masked  out  from  the 
IFSARE  DEM.  The  bald-earth  DEM  is  obtained  by 
resampling  the  elevation  measurements  which  have  not 
been  masked  out. 


A  difference  DEM  can  be  created  from  the  IFSARE 
DEM  and  the  bald-earth  DEM.  With  the  difference  DEM, 
the  location  and  height  of  man-made  structures  such  as 
buildings  and  power  poles  can  be  estimated.  Figure  1 
shows  an  example  of  power  line  extraction.  Tree  height 
can  be  derived  from  the  difference  DEM  as  well. 


Figure  1.  The  bald  earth  technique  is  used  to  identify 
power  poles  above  17.5  meters  in  height.  The  original 
DEM  in  a  shows  the  poles  clearly.  These  are  not  in  the 
bald  earth  elevation  shown  in  b,  and  therefore  are  obvious 
in  the  difference  image  shown  in  c.  In  d  the  vectors 
connecting  the  power  poles,  which  should  correspond  to 
the  power  lines,  are  shown. _ _ 


Transportation  networks  are  identified  using  a  road 
extraction  technique  based  on  rotational  energy  summation 
which  assumes  that  roads  are  dark  piece-wise  linear 
structures  [5]. 

Figure  2.  presents  the  end-to-end  data  flow  for  converting 
the  raw  IFSAR  data  to  map  elements  using  the  approach 
outlined  above.  Figure  3  shows  a  symbolic  map  generated 
using  this  algorithm  directly  from  the  Dexter/Chelsea 
IFSARE  data. 


6  CONCLUSIONS 


The  ability  to  produce  rapid  maps  from  IFSAR  data  has 
been  shown  to  be  feasible  and  the  algorithm  for  automatic 
extraction  of  map  features  have  been  demonstrated.  The 
land-use  polygons  generated  by  the  land-use  classifier 
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Map  layers  derived  from  IFSARE  data,  VEXCEL  CORPORATION 
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Figure  3.  Example  map  product  of  the  IFSARE  data  produced  from  the  Dexter-Chelsea  data  set.  This  product  is  a  purely 
symbolic  representation  of  the  surface  feature.  Land  use  shown:  dark  grey  =  urban,  light  grey  =  tree,  white  =  field  and  black  = 
unkown. 


allows  a  bald-earth  digital  elevation  model  to  extracted 
from  its  counter-part  in  IFSAR  data  set.  The  bald-earth 
DEM  proves  to  be  a  power  tool  in  finding  structures  such 
as  buildings  and  power  lines. 
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Abstract  -  We  analyse  different  techniques  for  3D  SAR- 
mapping.  Interferometry  using  narrow-band  SAR  enables 
retrieval  of  topography  but  gives  an  ambiguous  height. 
Stereoscopy  can  also  be  used  but  has  degraded  resolution  due 
to  speckle.  For  ultra-wide  band  SAR,  i.e.  wavelength-order 
resolution,  these  techniques  converge  and  give  similar 
vertical  resolution.  A  significant  advantage,  however,  is  that 
the  interferometric  height  becomes  unambiguous  since  the 
depth  of  focus  is  only  one  fringe. 


scene  properties  are  constant,  and  thus  cancels  when 
determining  the  phase  difference.  The  small  change  of 
incidence  angle  in  Fig.  1,  however,  gives  a  random  change  in 
the  speckle  pattern  which  introduces  noise  in  the  phase 
difference.  The  speckle  patterns  are  correlated  up  to  a 
maximum  angle  difference  given  by  [2] 


A0 


max 


A  tan0 

2pr 


(1) 


INTRODUCTION 

A  SAR  produces  high-resolution  images  of  a  ground  area 
projected  into  the  slant  range  and  azimuth  plane.  Most  SAR 
systems  are  narrow-band  and  narrow-beam,  i.e.  the  spatial 
resolution  is  much  larger  than  the  wavelength.  This  implies 
speckle  noise  over  distributed  targets,  i.e.  random  amplitude 
and  phase  fluctuations  generated  when  several  scatterers 
contribute  to  the  image  within  the  resolution  cell.  Ultra- 
wideband  SAR  drives  the  spatial  resolution  to  the 
wavelength  limit.  A  consequence  of  the  latter  is  that  surface 
speckle  disappears  although  volume  speckle  remains. 

Three-dimensional  (3D)  mapping  of  the  ground  is 
desirable  in  many  applications.  Unambiguous  volumetric 
mapping  can  be  achieved  by  creating  a  synthetic  2D  aperture 
from  many  tracks.  A  much  simpler  technique  to  estimate 
topography  is  (speckle)  interferometry  using  two  parallel  but 
offset  antennas  or  flight  tracks.  The  main  drawbacks  with 
this  technique  are  that  the  measured  height  is  ambiguous  and 
that  the  speckle  introduces  a  maximum  baseline-to-distance 
ratio. 

In  this  paper,  we  investigate  the  possibility  to  perform 
three-dimensional  mapping  with  ultra-wideband  and  wide- 
beam  SAR  systems.  The  techniques  will  be  applied  to  data 
from  the  CAR  ABAS  VHF-band  SAR  [1].  It  is  an  ultra- 
wideband  SAR  system  operating  in  the  20-90  MHz  band. 

SPECKLE  INTERFEROMETRY 

Speckle  interferometry  is  based  on  cross-correlating  two 
SAR  images  of  the  same  scene  with  slightly  different 
incidence  angles  as  illustrated  in  Fig.  1.  The  3D  position  is 
estimated  by  measuring  the  slant  range  r  and  the  phase 
difference  2kd  where  k  is  the  radar  wavenumber.  The  speckle 
in  the  two  images  is  the  same  if  the  imaging  geometry  and 


where  X  is  the  wavelength,  0  is  the  incidence  angle,  and  Pr  is 
the  slant  range  resolution.  Note  that  the  maximum  angular 
change  in  (1)  is  small  when  the  resolution  is  much  larger 
than  the  wavelength.  The  RMS  height  error  Qh  is  directly 
related  to  the  RMS  phase  noise  Cq)  according  to 


sin0 
2  A6  2k 


We  note  that  the  height  error  in  (2)  is  controlled  by  two 
competing  processes:  1)  The  phase  error  which  increases 
with  A0  since  the  speckle  correlation  decreases,  and  2)  the 
geometrical  error  which  decreases  with  A0  since  the  height 
sensitivity  increases.  We  also  note  that  the  minimum  height 
error  is  independent  of  wavelength  since  (1)  sets  an  upper 
limit  to  A0.  This  also  implies  that  the  minimum  height  error 
is  of  the  same  order  as  the  slant  range  resolution. 


Fig.  1.  Basic  interferometry  geometry.  Two  antennas  image 
the  point  P  from  slightly  difference  incidence  angles. 
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STEREOSCOPIC  SAR 

The  3D  position  of  a  point  object  is  straightforward  to 
retrieve  from  two  SAR  images  acquired  from  different  flight 
tracks.  For  simplicity,  we  consider  only  parallel  but 
displaced  flight  tracks  as  in  Fig.  2.  Knowledge  of  the  two 
ranges  rj  and  r2  together  with  the  baseline  components  by 
and  bz  enables  the  height  hj  to  be  determined  from  the 
following  equations 


From  (4),  we  again  conclude  that  the  position  can  be 
determined  with  an  accuracy  of  the  same  order  as  the  slant 
range  resolution.  This  requires  that  the  incidence  angles  and 
the  incidence  angle  difference  are  of  the  same  order  of 
magnitude.  Finer  resolution  may  be  determined  by 
interpolation  of  the  point  target  response,  but  interfering 
clutter  and  noise  will  set  a  lower  resolution  limit. 

ULTRA- WIDEBAND  INTERFEROMETRY 


\r^={h^+by  +  {y,-b^f 


(3) 


Elimination  of  y;  in  (1)  and  (2)  results  in  a  second-order 
equation,  from  which  hj  may  be  determined.  An  error 
analysis  gives  the  height  error  Az  and  the  across-track  error 
Ay  according  to 


A  A  sm  6^  ^  sin  9. 

/^=Ar,  - 7 - - - r  +  An  - 7 - - - r 

sin(0j  -  6^)  sin(02  -  ^i) 

,  ,  cos  0.  ,  cos  9, 

Ay  =  Ar^  r  +  Ar, - - - 


(4) 


sm 
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where  Arj  and  Ar2  are  the  line-of-sight  errors  for  the 
corresponding  flight  tracks.  From  (4)  we  conclude  that  the 
errors  are  controlled  by  the  common  denominator.  The 
required  range  accuracy  for  a  given  precision  Az  or  A  y  is 
thus  proportional  to  sin(0i  -62).  This  means  that  a  smaller 
incidence  angle  difference  must  be  compensated  by  a  higher 
precision  of  the  range. 


Fig.  2.  SAR  stereoscopy  enables  the  3D  position  of  P  to  be 
determined  from  measurements  of  rj,  r 2,  bx,  and  by. 


Both  stereoscopy  and  speckle  interferometry  can  provide 
the  3D  position  with  a  precision  of  the  same  order  of 
magnitude  as  the  slant  range  resolution.  However,  both 
techniques  suffer  from  some  major  short-comings.  For 
stereoscopy,  one  problem  is  that  of  identifying  the  same 
objects  in  the  two  images.  For  interferometry,  the  phase  is 
only  measured  modulo-27i  which  means  that  only  relative 
height  variations  can  be  retrieved.  Sophisticated  phase 
unwrapping  techniques  have  been  developed  to  take  care  of 
this  problem,  but  a  number  of  reference  points  are 
nevertheless  needed  to  calibrate  the  height  measurements. 

Both  of  these  short-comings  can  be  circumvented  by  using 
a  resolution  of  wavelength  order.  A  fully  deterministic 
approach  can  now  be  applied.  The  basic  idea  is  that  the 
speckle  becomes  correlated  for  large  changes  in  incidence 
angle  as  the  resolution  becomes  finer,  and  fully  disappears 
when  the  wavelength  limit  is  reached.  This  means  that  we 
may  use  larger  incidence  angle  changes  to  increase  height 
sensitivity.  As  a  consequence,  the  3D  position  of  an  object 
may  be  determined  with  wavelength  accuracy.  At  least  two 
problems  are  obvious  with  this  approach.  Firstly,  a  large 
incidence  angle  change  means  that  single-pass  interferometry 
is  not  possible  and  repeat  passes  must  be  used  instead.  This 
suggests  using  lower  frequencies  to  ease  the  requirement  on 
navigational  accuracy  and  scattering  stability.  Secondly,  it 
becomes  a  problem  to  identify  the  same  object  in  the  two 
images  solely  based  on  their  appearance.  We  suggest  two 
methods  for  solving  this  problem,  one  for  distributed  targets 
and  one  for  isolated  point  targets.  The  distributed  targets  may 
be  treated  in  an  automatic  manner,  assuming  a  gently 
undulating  topography  which  will  be  coherent  over  an 
extended  area.  The  single  point  target,  on  the  other  hand, 
probably  needs  to  be  (coarsely)  identified  in  both  images 
before  its  position  can  be  evaluated  using  the  stereoscopic 
technique. 

The  first  step  in  ultra- wideband  interferometry  is  to  project 
the  two  SAR  images  onto  a  common  horizontal  ground 
reference  plane.  This  is  convenient  since  we  expect  the 
topography  to  be  least  variable  relative  this  plane.  All  objects 
which  are  situated  on  the  reference  plane  will  thus  match 
perfectly  after  the  transformation.  Any  deviation  from  the 
reference  plane,  on  the  other  hand,  will  give  a  mis-match. 
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The  two  images  will  thus  be  correlated  as  long  as  the  mis¬ 
match  is  less  than  the  resolution,.  We  call  this  the  depth-of- 
focus  (DOF),  and  it  can  be  determined  using  the  geometry  in 
Fig.  3  according  to 


1  1 

tan  02  tan  0j 


(5) 


We  note  that  the  depth-of-focus  is  large  for  speckle 
interferometry  but  small  for  ultra-wideband  interferometry. 

Fringes  will  appear  within  the  depth-of-focus  from  the 
reference  plane.  The  resulting  phase  variation  can  be 
separated  into  one  term  due  to  the  reference  plane  and  a 
second  term  due  to  the  height  variations  from  the  same  plane. 
After  subtraction  of  the  former,  the  residual  phase  variations 
can  be  directly  converted  to  topographic  height.  The  height 
change  corresponding  to  2n  radians  is  called  the  ambiguity 
height  which  is  given  by 


sin 

;{e,+9,)/2] 

4  sin 

[i^r 

(6) 


where  is  the  wavelength  corresponding  to  the  centre 
frequency.  Equation  (6)  shows  that  the  ambiguity  height 
varies  across  the  swath  so  that  the  scaling  between 
differential  phase  and  height  changes  accordingly. 

2 


DOF=^Az 

K 

Equation  (7)  says  that  the  depth  of  focus  is  proportional  to 
the  ambiguity  height  and  the  resolution  expressed  in  quarter 
wavelengths.  For  the  ultimate  resolution  pr=  Xq/4  we  thus 
obtain  one  fringe  within  the  depth  of  focus,  i.e.  the  height 
measurement  becomes  unambiguous.  The  limited  depth  of 
focus  implies  that  only  a  small  height  interval  can  be 
analysed  at  a  time.  Repeating  the  process  by  varying  the 
reference  plane  completes  the  measurement. 

3D  VOLUME  PROCESSING 

An  alternative  to  interferometry  is  to  process  the  SAR  data 
set  directly  as  a  function  of  an  assumed  3D  position.  The 
result  is  a  3D  image,  with  an  extra  vertical  component 
compared  to  a  ground  range  image.  The  simplest  is  by  cross - 
correlation  of  the  two  images  after  SAR  processing,  which 
gives  an  identical  result  as  interferometric  processing. 
Another  possibility  is  to  first  cross  correlate  the  range- 
compressed  raw  data  and  then  perform  a  3D  inversion 
processing.  It  is  anticipated  that  the  latter  method  will  give 
lower  sidelobes  but  at  the  expense  of  increased  noise.  Other 
techniques  for  processing  are  also  possible  using  multi - 
baseline  data  to  partly  fill  out  a  synthetic  2D  aperture. 

CONCLUSIONS 

We  have  analysed  a  number  of  techniques  for  3D  mapping 
using  SAR.  Interferometry  using  narrow-band  SAR  is 
limited  by  speckle  and  scene  decorrelation,  and  also  gives  an 
ambiguous  height  which  must  be  unwrapped.  Stereoscopy  is 
another  technique  which  can  be  applied  to  a  pair  of  SAR 
images  but  it  has  degraded  performance  due  to  speckle.  We 
have  shown  that  interferometry  and  stereoscopy  converge 
and  give  similar  vertical  resolution  for  ultra-wide  band  SAR 
systems.  The  interferometric  height  becomes  unambiguous  in 
this  limit  since  the  depth  of  focus  is  only  one  fringe.  These 
techniques  will  be  applied  to  CARABAS  VHF-band  SAR 
data.  The  lower  operating  frequency  will  increase  scene 
correlation  and  enable  multi-baseline  repeat-track  data. 
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Absiraci  -  A  real  time  technique  to  get  strip-map 
SAR  interferograms  and  coherence  maps  with  common 
Unix  Workstations  is  presented.  For  the  ERS  mission, 
the  “real  time”  throughput  corresponds  to  approximately 
1/8  of  PRF:  e.g.  ~  4  min  for  processing  a  100  x  100  km 
image  pair.  The  proposed  algorithm  achieves  that  goal  on 
a  medium  cost  160  Mflops/s  Unix  Workstation.  The  out¬ 
put  is  a  5  looks  averaged  interferogram,  with  a  geometric 
resolution  of  50  x  50  m. 

INTRODUCTION 

With  the  huge  amount  of  satellite  SAR  data  available 
from  ERS-1  and  ERS-2  [1]  the  generation  of  fast,  low 
resolution  interferometric  products  for  data  browsing  and 
large  scale  analysis  is  a  relevant  problem.  Algorithms  for 
the  generation  of  interferograms  and  coherence  maps  are 
known  and  established  [2],  however,  some  of  the  processing 
steps  should  be  revisited  when  computational  efficiency 
becomes  the  main  request. 

PRESUMMING  AND  FOCUSING 

The  first  processing  step  of  the  proposed  algorithm  con¬ 
sists  of  a  range  and  azimuth  presumming  of  the  SAR  raw 
data.  The  cost  of  these  operations  is  minimized  by  means 
of  an  integer  implementation  (e.g.  by  storing  one  complex 
sample  in  one  16  bit  word)  and  by  using  polyphase  filter 
banks  [3].  The  main  goal  of  presumming  is  to  reduce  the 
amount  of  data  to  be  processed  with  the  minimum  loss 
of  quality.  It  can  be  done  by  canceling  the  contributions 
coming  form  the  incorrelated  parts  of  SAR  images  spectra 
[3,4].  The  range  spectral  decorrelation  is  basically  due  to 
the  baseline,  whereas  the  azimuth  spectral  decorrelation  is 
due  to  sidelobes  and  to  variations  of  the  Doppler  centroid. 
A  good  compromise  between  quality  and  efficiency  could 
be  achieved  by  dropping  half  of  the  range  band,  and  3/8 
of  the  azimuth  band,  e.g.  by  choosing  subsampling  ratios 
2x8  (range,  azimuth)  and  by  processing  1  look  in  range 
and  5  looks  in  azimuth.  As  an  example,  for  acquisitions 
with  a  baseline  of  300  m  the  range  spectral  shift  is 
MHz  (for  flat  earth).  A  range  presumming  of  2  allows  to 
recover  81%  of  the  useful  bandwidth  (e.g.  9  MHz  with 
respect  of  11  MHz),  if  the  center  frequencies  of  the  pre¬ 


summing  filters  are  tuned  according  to  the  spectral  shift 
[2,4]:  /o  =  ±2.5  MHz,  Yet,  the  data  rate  is  halved  with 
evident  computational  advantages. 

For  azimuth  presumming  the  two  raw  data  set  should  be 
filtered  with  the  same  central  frequencies,  that  are  equal 
to  the  average  of  Doppler  Centroid  (for  the  fist  look).  An 
advantage  of  azimuth  presumming  is  to  reduce  the  length 
of  the  Doppler  history  so  that  smaller  processing  blocks 
can  be  exploited  by  azimuth  focusing. 

The  five  sub-looks  created  by  raw  data  presumming  are 
then  range  and  azimuth  focused.  For  ERS,  an  efficient 
1-D  range- Doppler  processor  has  provided  enough  qual¬ 
ity  for  the  goal.  That  processor  has  passed  the  CEOS 
phase-preserving  test  (e.g.  phase  errors  are  one  order  of 
magnitude  lower  than  the  requirements) . 

COHERENCE  ESTIMATE 


A  new  technique  has  been  developed  for  a  quick  estimate 
of  the  image  coherence  “unpublished”  [5] .  The  technique 
exploits  the  images  absolute  values,  according  to  the  ex¬ 
pression: 


being  vi,  V2  the  two  images,  p  the  correlation  coefficient  of 
their  modulus  and  7  the  absolute  values  of  the  coherence. 
The  following  coherence  estimator  is  thus  derived: 


TM  == 


_  r  V2j^ 


P<2 


(1) 


where  p  = 


En.m  •  \v2{n,m)\^ 

■  En,m  l^2(n, 


It  can  be  shown  that  this  estimator  has  a  larger  variance 
than  the  usual  coherence  estimator,  yet  it  is  much  faster 
(e.g.  it  does  not  require  the  estimate  of  local  frequency), 
robust  and  simpler: 

i-  no  stationarity  of  the  local  interferometric  phase  is 
required 
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ii-  it  is  independent  of  any  focusing  phase  error  that  do 
not  affect  speckle 

hi-  it  can  be  directly  applied  to  detected  images 
iv-  it  is  independent  of  any  fringes’  frequency  estimation 
error. 

The  main  drawback  of  the  estimator  jm  could  be  its 
sensitivity  to  image  non-stationarities,  however  this  prob¬ 
lem  can  be  solved  by  equalizing  the  images’  mean  ampli¬ 
tude  (at  a  modest  computational  cost)  [5]. 

IMAGES  COREGISTRATION 


An  efficient  image  coregistration  requires  both  a  fast  es¬ 
timate  of  alignment  parameters,  and  a  low-cost  image  re¬ 
sampling.  In  the  ERS  case,  the  following  deformation 
model  can  be  assumed  between  the  two  images: 


- 1 

cos  P 
sin  P 


—  sin/? 
cos  /? 

xi  -ri/? 
xjS  r2 


r  xi 

0  ■ 

^]  + 

Xo 

0 

ri  _ 

r  J 

^0 

+ 


Xq 

ro 


(2) 


being  the  reference  coordinate  of  one  image  and 

XyV  those  of  the  other.  The  images  shift  (xo,ro)j  stretch 
and  skew  (P)  parameters  can  be  estimated  by  ex¬ 
ploring  the  relative  shift  of  at  least  three  small-windows, 
possibly  close  the  corners  of  the  images.  The  shifts  be¬ 
tween  corresponding  windows  can  be  found  by  maximiz¬ 
ing  coherence,  e.g.  the  figure  of  merit  use  expressed  by 
(1).  The  accuracy  can  be  <C  1/10  of  a  resolution  cell,  that 
is  enough  for  a  medium  resolution  product,  however  the 
measured  coherence  should  exceed  a  proper  threshold  to 
avoid  larger  errors.  As  an  example,  Fig.l  shows  the  proba¬ 
bility  that  the  estimated  cross-correlation  has  a  maximum 
for  a  random  position,  different  from  the  right  one. 


Figure  1:  Probability  of  “correct  detection^’  (e,g,  the 
estimated  shift  is  within  ±1  sample  from  the  correct  value) 
for  different  numbers  of  independent  pixels,  L. 

Once  that  the  parameters  for  images  coregistration  are 
known,  the  necessary  images  resampling  can  be  imple¬ 
mented,  together  with  1:2  range  oversampling,  according 
to  (3),  e.g.  by  means  of  1-D  resampling  along  azimuth 


and  then  along  range.  These  resampling  can  be  given  in 
the  space  domain  by  exploiting  the  FIR  kernels: 

h^{n)  =  h,p{n)-  '  (3) 

exp{-j2xfdc{n  -  A))  exp  (-j27r^Ad 

being  A  the  local  shift,  fdc  the  Doppler  centroid,  d  the 
look  number  {Nj  the  number  of  looks),  and  hjp{n)  a  proper 
smoothing  window.  The  two  exponentials  in  (4)  are  re¬ 
quested  to  shift  the  kernel  spectrum  around  the  Doppler 
centroid  (for  azimuth  resampling)  and  to  compensate  the 
phase  offset  due  to  looks’  subsampling. 

The  size  of  the  kernel,  e.g.  the  extent  of  the  window 
hip{n),  depends  on  the  level  of  phase  noise  that  can  be 
tolerated.  For  example,  it  can  be  shown  that  a  6  samples 
window,  gives  a  decorrelation  of  0.1%  {SNR:=27  dB)  for 
A  =  0.5  (that  is  the  case  of  image  range  oversampling  x2). 
In  general,  the  optimum  window  size  is  a  function  of  the 
azimuth  power  spectrum  density  and  of  the  displacement 
A,  therefore  a  Look-Up-Table  of  N  kernels  can  be  built 
by  optimizing  the  kernels  for  the  shifts:  A  =  0 . .  .l/A. 
The  noise  due  to  the  quantization  of  A  can  be  made  neg¬ 
ligible  (SNR<32  dB)  by  assuming  N  >  64.  Notice  that 
the  use  of  small  kernels  of  6-7  samples  makes  space  do¬ 
main  resampling  (and  oversampling)  more  efficient  than 
the  frequency  domain  approach  [6]. 

STRIP-MAP  INTERFEROGRAM  GENERATION 

The  generation  of  an  interferogram  is  accomplished,  as 
usual,  by  complex  multiplication  of  two  surveys  after  co¬ 
registration  and  range  oversampling.  At  this  step,  it  is 
possible  to  add  in-phase  the  contribution  of  different  looks. 
Then,  the  interferogram  is  flattened,  low-pass  filtered  and 
subsampled.  A  strip-map  interferogram  is  obtained  by 
mosaicking  small  azimuth  strips,  say  32  km  wide.  In  the 
ERS  case,  the  variation  of  Doppler  parameters  in  strips 
of  that  extent  causes  negligible  defocusing  (and  phase  dis¬ 
tortion)  at  the  edges  of  the  blocks.  There  is  no  need  of 
space  registration  if  the  images  were  registered  at  zero 
Doppler  while  focusing.  The  only  phase  registration  nec¬ 
essary  could  be  performed  to  compensate  the  variation  of 
flattening  functions  in  two  adjacent  blocks.  However,  that 
is  quite  easy  since  both  functions  are  known. 

An  example  of  a  5  looks  averaged  ERS-l/ERS-2  tan¬ 
dem  interferogram  got  by  mosaicking  two  strips  of  32  km 
(azimuth)  x  100  km  (range)  is  given  in  Fig. 2, 3.  The  total 
computing  time  was  14  minutes  with  a  30  Mflops/s  Work¬ 
station  (DEC  alpha),  the  time  for  each  processing  step  is 
specified  in  Tab.l. 
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Figure  2:  ERS-l/ERS-2  tandem  inierferogram  (area 
of  BeneveniOj  Italy),  66  km  azimuth  (horizontal)  x  100 
km  range  (vertical),  5  looks. 


Table  1:  Computational  complexity  and  computing  time 
for  the  proposed  quick-look  interferogram. 


Processing 

Complexity 

[Mflops] 

CPU  time 

[minrsec] 
DEC  3000/500 

Raw  data  Presumming 

2800 

1:45 

Focusing 

4830 

3:00 

Registration  params.  estimate 

0:03 

Image  #1  Resampling 

2665 

1:40 

Image  #2  Oversampling 

760 

0:25 

Interferogram  Generation 

227 

0:07 

Coherence  Estimate 

450 

0:25 

TOTAL 

-11700 

6:55 

CONCLUSIONS 

A  “real-time’'  algorithm  to  get  ERS  SAR  interferograms 
and  coherence  maps  has  been  proposed.  The  algorithm 
efficiency  comes  from  the  following  items: 

i.  raw  data  presumming  is  performed  to  reduce  redun¬ 
dancy  with  the  minimum  loss  of  quality.  Polyphase  filters 
banks  and  integer  implementation  are  exploited. 

ii.  a  novel  coherence  estimator,  that  exploits  a  the  im¬ 
ages  modulus,  is  introduced.  It  is  used  both  for  estimating 


the  images  shifts  and  stretches,  and  for  computing  coher¬ 
ence  maps. 

iii,  image  resampling  and  oversampling  is  performed 
in  the  space  domain  by  means  of  very  short,  tabulated 
kernels  optimized  for  low  phase  noise. 


Figure  3:  Tandem  interferogram:  Absolute  values. 
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Abstract  —  The  Danish  Center  for  Remote  Sensing  (DCRS^) 
has  augmented  its  dual-frequency  polarimetric  synthetic 
aperture  radar  system  (EMISAR^)  with  single  pass  across- 
track  interferometric  (XTI)  modes.  This  paper  will  describe 
the  system  configuration,  specifications  and  the  operating 
modes.  Analysis  of  data  acquired  in  1995  indicates  that 
height  resolutions  better  than  one  meter  should  be  attainable 
at  least  in  areas  with  benign  topography  where  overlay, 
shadows  and  phase  unwrapping  errors  are  minimal. 
Calibration  procedures  applied  to  correct  for  multipath  and 
limited  channel  isolation  are  discussed. 

INTRODUCTION 

A  single  pass  across-track  interferometer  uses  two  antennas 
displaced  across-track  to  acquire  two  images  observing  all 
image  points  from  two  slightly  different  angles  of  incidence. 
By  overlaying  the  two  complex  SAR  images  during 
processing  and  determining  the  phase  differences 
(interference  generation),  slant  range  differences  can  be 
determined  with  fractional  wavelength  accuracy.  From  slant 
range,  differential  slant  range  measurements,  and  knowledge 
of  the  baseline  (=  displacement  from  one  antenna  to  the  other) 
the  3-D  target  location  can  be  determined.  A  single  pass 
system  acquires  the  two  complex  images  forming  the 
interferogram  simultaneously  thus  there  is  no  temporal 
decorrelation  due  to  target  displacement.  As  the  antennas 
forming  the  baseline  are  rigidly  connected,  and  the  orientation 
can  be  measured  by  an  inertial  navigation  system,  the  baseline 
is  well  defined  and  generally  known  to  great  accuracy  which 
is  seldom  the  case  in  repeat  pass  systems.  The  single  pass 
concept  does,  however,  lirnit  the  baseline  to  a  length  which 
can  practically  be  implemented  on  the  aircraft  platform 
available. 

Defining  the  interferogram  as  the  product  of  channel  1  and 
the  complex  conjugate  of  channel  2,  the  interferometric  phase 
is, 

27r 

<P  =  <t>\-<t>2=  P  —  {P2-P\)  (*) 
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(RDAF),  the  Technical  University  of  Denmark,  the  Joint 
Research  Centre  (IRC)  and  by  the  Danish  National  Research 
Foundation. 


p  =  1  if  the  transmit  antenna  is  common  for  the  two  channels, 
p  =  2  if  each  channel  uses  only  one  antenna  to  both  transmit 
and  receive.  A  is  wavelength  and  p,- is  slant  range.  The  phase 
measured  in  the  interferogram,  0^,  is  the  absolute  phase  of 
(1)  modulus  271.  Getting  from  (j)^  to  (f),  involves  two  steps 
called  phase-unwrapping  and  absolute  phase  determination, 
see  for  instance  [1]  and  [2].  Assuming  the  geometry  of  Fig.  1, 
the  look  angle  0  and  the  interferometric  phase  are  related  by 
(assuming  B  «  p)\ 

sin(0-a)  =  cos(0-02i)  =  -^^^  =  ^^  (2) 


a  is  the  baseline  orientation  relative  to  horizontal.  It  is  trivial 
to  solve  for  the  target  height  and  across-track  position: 


Q-a-  arcsin 


A0 

InpB 


(3) 


/z  =  /7-PiCOS0  (4) 

y  =  Pj  sin  Q  (5) 

A  more  general  geometry  allowing  for  non  zero  Doppler 
geometry  is  discussed  in  [3]  and  analyses  of  accuracies  and 
error  sources  are  presented  in  [4]  and  [5].  As  it  is  intuitively 
clear,  the  signal-to-noise  ratio  will  limit  performance  as 
thermal  noise  induces  phase  errors  which  via  (3)  couple  to  the 
look  angle  leading  to  wrong  height  and  cross  track  positions. 
Similarly,  baseline  orientation  errors  (here  presented  by  (X) 
will  cause  position  errors  although  these  errors  will  be  slowly 
varying  over  the  image. 

A  less  intuitive  error  source  is  baseline  decorrelation  which 
occurs  because  not  all  targets  within  the  resolution  cell 
contribute  the  same  interferometric  phase.  For  the  very  short 
baselines  applied  in  the  system  discussed  here,  baseline 


Fig.  1.  Across-track  interferometric  geometry. 
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Table  1.  EMISAR  system  parameters  for  polarimetric  and 
interferometric  modes. _ 


Parameter 

C-band  L-band 

Polarimetry: 

wavelength 

5.67  cm  24.0  cm 

transmit  power 

2kW  6kW 

antenna  gain 

27  dB  18  dB 

max.  bandwidth 

100  MHz 

digitization 

8192 1/Q  samples 

polarization 

I+Q  =  8  +  8  bits 
quad-pol,  hh/vv/hv/vh 

look  direction 

left 

nominal  altitude 

41,000  ft. 

Interferometry: 

wavelength 

5.67  cm 

polarization 

dual-pol:  HH/VV 

baseline  length 

1137  mm 

baseline  angle,  (X 

34.0°  (from  horizontal) 

nominal  altitude 

25,000  or  41,000  ft. 

decorrelation  is  a  minor  importance. 

SAR  SYSTEM 

The  radar  used,  EMISAR,  is  an  L-  and  C-band  polarimetric 
SAR  developed  at  the  Electromagnetics  Institute  since  1986. 
The  system  is  flown  on  a  Danish  Air  Force  Gulfstream  G-3. 
The  transmitted  bandwidth  is  up  to  100  MHz,  and  the  system 
is  usually  operated  at  41*000  ft  altitude.  Some  system 
parameters  are  listed  in  Table  1.  Two  flush  mounted  C-band 
antennas  have  been  added  to  the  system  to  support  the  single 
pass  interferometric  mode.  Fig.  2. 

The  system  presently  use  a  combination  of  an  inertial 
navigation  system  and  a  P-code  GPS  system  to  provide  the 
required  navigational  information. 

The  XTI  antennas  are  (like  the  existing  pod  antenna)  fully 
polarimetric,  and  they  are  connected  to  a  switch  matrix 
mounted  in  the  pod.  Both  antennas  can  be  operated  in  a 
polarimetric  mode,  and  interferometric  data  can  be  collected 
on  both  like  polarizations,  HH  and/or  VV.  The  radar  front- 


Fig.  2.  Single  pass  interferometry  use  two  polarimetric 
antennas  flush  mounted  on  G-3  fuselage  in  front  of  wing. 


end  and  data  rate  limitations  does  not  presently  support 
polarimetric  interferometric  data  to  be  collected  at  high 
resolution.  Several  interferometric  modes  of  operation  are 
possible,  including:  1)  single  baseline  (transmit  on  one 
antenna,  receive  on  both);  2)  double  baseline  (sequentially 
transmit  and  receive  on  one  antenna  then  transmit  and  receive 
on  the  other);  and  3)  dual  baseline  (sequentially  transmit  on 
one  antenna  and  receive  on  both,  then  transmit  on  the  other 
and  receive  on  both). 

MULTIPATH  CORRECTION 


The  initial  test  of  the  EMISAR  single  pass  mode  showed  that 
the  limiting  performance  factor  was  multipath  on  the  radar 
platform.  It  is  import  to  note  that  the  interferometric 
derivations  (1-5)  assumes  a  single  signal  path  with  the  signal 
propagating  from  the  transmit  antenna,  to  the  target,  and  back 
to  the  receive  antenna.  In  any  practical  system  there  will, 
however,  be  reflections  of  parts  of  the  aircraft  platform  which 
will  also  be  received,  and  limited  isolation  between  the  two 
interferometric  antennas  also  leads  to  multi-path.  A  leakage 
to/from  the  other  antenna  can  be  seen  to  be  equivalent  to  a 
multipath  reflection  of  the  other  antenna. 

If  the  ideal  signal  for  channel  i  is  exp|y0/ j  then  the 

injection  of  a  leakage  signal  from  channel  2  to  channel  1  will 
modify  the  interferometric  phase  as 

(c|  +  £C2)c2*  =  (a,  exp{70|}  +  £fl2  exp{y02})«2exp{-7^2) 


=  afa2  exp{70}(l  +  £^exp{y^)) 
a\ 


and  even  for  more  complex  situations  it  is  easily  seem  that  the 
measured  phase  is  a  function  of  the  ideal  phase, 

<t>„,=(j)  +  A(p{<l))  (6) 


As  a  full  discussion  of  parameter  calibration  in  an 
interferometric  system  is  very  complex  we  assume  in  the 
following  that  parameters  such  as  baseline  (length  and 
orientation),  aircraft  orientation,  channels  delays  and  phases 
are  already  calibrated.  Differentiating  (4)  with  respect  to  the 
absolute  phase  provides 


dh  ~  psin 


a  -  arcsin 


V 


-3^ 


A0 

2KpB 


2KpB 


InpB  J 


<90 


-1 


1 


A0 

l/rpB 


\2  27rpB 


d(t) 


(7) 


This  shows  that  for  small  errors  in  the  absolute  phase  (a 
requirement  meet  for  any  reasonable  system),  the  error  can  be 
determined  if  the  height  error  is  known  as  a  function  of  the 
across-track  ground  range  and  the  absolute  phase.  The 
EMISAR  system  has  been  calibrated  on  several  occasions  by 
mapping  ocean  that  provides  a  well  defined  height  reference. 
It  has  been  found  that  there  seem  to  be  two  dominating 
multipath  sources,  one  is  a  channel  cross  coupling  at  an 
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Fig.  3.  Shaded  relief  map  of  a  5.2  x  3.8  km  subsection  of  a 
radar  generated  height  map.  Data  were  acquired  from  an 
altitude  of  25,000  ft.  Note  the  clear  signature  of  the  buildings 
near  the  center  of  the  image.  The  area  in  the  lower  right  hand 
corner  is  water. 

approximately  -40  dB  level,  the  other  is  an  unknown 
reflection  of  the  fuselage  or  antenna  fairings  with  an 
equivalent  baseline  of  approximately  20  cm.  The  calibration 
phase  screen  has  been  found  to  be  basically  identical  from 
mission  to  mission. 

PROCESSING 

The  EMISAR  azimuth  presummers  are  presently  not  able  to 
process  Doppler  off-sets  varying  with  range,  thus 
interferometric  acquisitions  are  data  rate  limited  to  6144 
complex  range  samples.  In  the  high  resolution  mode  this 
gives  a  slant  range  swath  of  6500  m  after  range  pulse 
compression.  Depending  on  the  actual  data  acquisition 
geometry  this  translates  into  between  8  and  10  km  ground 
range  swath.  The  processing  scheme  applied  is  based  on 
processing  techniques  developed  at  JPL,  [3],  [6].  The 
processor  simultaneously  processes  the  two  interferometric 
channels  which  are  then  motion  compensated  to  a  common 
reference  line,  [7].  The  processor  also  includes  automatic 
determination  of  the  absolute  phase,  [2].  The  output  products 
include  co-registered  amplitude  data,  height  map,  correlation 
map,  and  for  calibration  runs  also  absolute  phase  maps.  The 
output  data  sets  are  orthorectified  to  a  spherical  {s,c,h) 
coordinate  system,  [8].  Usually  output  products  are  generated 
at  5  or  10  m  ground  range  pixel  spacing. 

RESULTS 


relief  is  moderate  (heights  vary  from  0  to  137  m  in  the  data 
analyzed)  indicates  that  the  height  error  after  removing  a 
tilted  plane  is  from  1  m  in  the  near  range  to  3  m  in  the  tar 
range  (at  10  m  horizontal  pixel  spacing)  when  operating  from 
41,000  ft.  Data  acquired  in  the  double  baseline  mode  on  a 
25,000  ft.  pass  over  the  same  area  indicates  stochastic  height 
errors  of  0.6  m  rms.  in  the  far  range.  Studies  are  presently  on¬ 
going  to  evaluate  the  height  error  performance  in  more  detail, 
however,  sufficiently  accurate  reference  data  are  not  readily 
available.  A  shaded  relief  image  of  a  subsection  of  a 
25,000  ft.  pass  is  shown  in  Fig.  2. 

CONCLUSION 

The  upgrade  of  the  EMISAR  system  has  provided  the  DCRS 
with  a  high  resolution  topographic  mapping  instrument. 
Initial  test  have  shown  that  the  system  has  the  potential  to 
generate  height  images  with  vertical  accuracies  of  less  than 
one  meter.  To  obtain  high  quality  data  consistently  an 
airborne  interferometer  needs  to  be  very  accurately  calibrated 
with  respect  to  all  parameters  involved  in  the  process.  This 
work  is  in  progress.  The  automatic  generation  of  height  maps 
without  ground  reference  points  also  requires  a  very  accurate 
navigation  and  attitude  measurement  system,  which  is 
presently  under  procurement.  Careful  evaluation  experiments 
are  on-going,  but  are  most  difficult  as  reference  maps  or  data 
with  sufficient  height  accuracy  are  not  readily  available. 
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Significant  amounts  of  data  were  acquired  during  1995  in  rg. 
both  Denmark  and  Greenland  indicating  height  accuracies 
before  multipath  calibration  on  the  order  of  5  to  10  meter.  By 
applying  the  above  described  phase  screen  calibration 
technique,  systematic  errors  have  been  drastically  reduced. 
Analyses  of  data  acquired  in  Denmark  where  the  topographic 
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ABSTRACT 

In  this  paper  a  method  for  estimation  of  time  varying  spatial 
baselines  in  airborne  interferometric  Synthetic  Aperture  Radar 
(SAR)  is  described.  The  range  and  azimuth  distortions 
between  two  images  acquired  with  a  non-linear  baseline  are 
derived.  A  parametric  model  of  the  baseline  is  then,  in  a  least 
square  sense,  estimated  from  image  shifts  obtained  by  cross 
correlation  of  numerous  small  patches  throughout  the  image. 
The  method  has  been  applied  to  airborne  EMISAR^  imagery 
from  the  1995  campaign  over  the  Storstr0mmen  Glacier  in 
North  East  Greenland  conducted  by  the  Danish  Center  for 
Remote  Sensing’^'t.  This  has  reduced  the  baseline 
uncertainties  from  several  meters  to  the  centimeter  level  in  a 
36  km  scene.  Though  developed  for  airborne  SAR  the 
method  can  easily  be  adopted  to  satellite  data. 


INTRODUCTION 

The  application  of  repeat  pass  interferometric  techniques  to 
airborne  SAR  imagery,  though  very  similar  to  satellite 
interferometry,  comprises  quite  different  problems  with 
respect  to  baseline  estimation.  During  data  acquisition  an 
airplane,  as  opposed  to  a  satellite,  continuously  has  to  be 
controlled  to  ensure  a  proper  spatial  baseline.  The  airborne 
EMISAR  is  in  the  repeat  pass  mode  controlled  via  the 
Instrument  Landing  System  (ILS)  by  the  radar  control 
computer  which  again  receives  navigational  information  from 
a  P-code  GPS  receiver. 

The  actual  trajectory  is  typically  oscillating  around  the 
desired  track  and  the  deviations  must  be  compensated  in  the 
processing  and  taken  into  account  in  the  interpretation  of  the 
interferograms.  The  high  frequency  motion  components  can 
be  accurately  measured  by  an  Inertial  Navigation  Unit  (INU), 
but  this  measurement  has  to  be  augmented  for  baseline 
estimations  due  to  drift.  The  meter  level  absolute  accuracy 
provided  by  P-code  GPS  utilized  by  EMISAR  is  far  from  the 
requirement,  but  even  the  decimeter  accuracy  potential  with 
differential  GPS  is  not  sufficiently  accurate. 
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The  required  accuracy  for  the  baseline  knowledge  is 
dependent  on  the  application  on  the  order  of  sub  millimeter  to 
centimeters. 

A  method  for  estimation  of  the  linear  terms  (azimuth  offset, 
skew  and  stretch)  on  the  basis  of  radar  data  is  described  in  [1]. 
This  method  is  generalized  here  and  a  third  order  polynomial 
error  model,  corresponding  to  an  INU  with  a  linearly  varying 
drift  in  the  acceleration  biases,  is  investigated.  Experiments 
with  EMISAR  data  from  Storstr0mmen,  though,  tends  to 
suggest  that  second  order  polynomials  is  sufficient. 

The  INU  measurements  also  requires  synchronization  with 
radar  data.  In  the  EMISAR  system  an  internal  9  ms  delay  in 
the  INU  has  also  been  estimated  on  the  basis  of  a 
co-registration  of  the  images. 


MODEL 

For  simplicity  the  problem  is  here  described  in  a  rectangular 
coordinate  system,  {s,c,h),  where  s  is  the  along  track 
coordinate,  c  across  track  (positive  to  the  left)  and  h  is  up. 

Track  1  is  assumed  to  be  a  straight  line  at  an  altitude,  //, 
with  a  constant  sample  spacing,  see  Fig.  la.  The  baseline  to 
be  estimated  is  the  displacement  of  track  2  relative  to  track  1. 
Thus,  track  2  is  given  by  (s(0,c(5),//  +  h(5’)),  where  c(5)  and 
h(5)  constitutes  the  spatial  baseline.  What  can  be  measured 
by  a  correlation  of  small  patches  of  the  amplitude  images  is 
range  off-set  from  track  1  to  track  2,  and  the 

corresponding  azimuth  off-sets,  in  bins.  Any  pixel 
coordinate  in  either  of  the  two  images  can  be  converted  to 
slant  range  distance,  p^,  and  azimuth  position,  5y,by 

Pi 

P2  =  Po2  +  n,„idr, 

^1  =■^01 

Si  =  % 

where  Po  is  slant  range  to  first  bin,  Sq  is  azimuth  of  first  bin, 
dr  and  da  are  range  and  azimuth  pixel  spacing  respectively 
and  the  index  denotes  image  number.  Since  it  is  assumed  that 
the  first  image  is  acquired  from  a  ideal  track,  pi=k  and 
Si=s,  see  Fig.  1 .  For  track  2  we  have 

J  =  i2  +  As(52)  =  .r2  +  Z^,T,('^2)'  (^) 

i~0,ns 

CW=  SX,T,(5),  (2) 

i^0,nc 

Ei1,T,.(5),  (3) 

i-0,nh 


0-7803-3068-4/96$5,00©1996  IEEE 
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MOTION  COMPENSATION 


Fig.  1.  The  geometry  a)  projected  on  a  plane  perpendicular 
to  5 ,  b)  projected  on  the  slant  range  plane. 


where  Cy,  Xi  'H/  ^ire  the  unknown  coefficients  in  an 
decomposition  of  track  2  in  some  error  functions  T,  (5),  e.g.  a 
polynomial  of  degree  i . 

The  next  step  is  to  express  the  range  and  azimuth  image 
off-sets  in  terms  of  the  unknown  baseline  parameters.  The 
geometry  is  projected  on  a  plane  perpendicular  to  the 
5-direction  and  a  projection  onto  the  slant  range  plane,  Fig.  1. 
The  auxiliary  angles  a  and  e  can  be  determined  from 

sina  =  — (ccos0  -H  /zsin  0) 

P2 

and 

dc  dh 

tan  e  =  —  sm  0 - cos  0. 

ds  ds 


The  azimuth  shift  between  the  images,  readily  calculated  as 
[^2  +  A  s(52  )]  -  =  P2  sin  e 

are  not  used  directly,  but  with  small  a  and  e  the  equation  set 
for  each  image  point  become 

5-  ~5i  =-As(52)  +  P2COsaf ^(5)sin0-'^(5)cos0l(4) 

I  d5  ds  ) 


In  airborne  SAR  imperfect  motion  compensation  also  gives 
rise  to  a  misregistration  of  the  images.  In  this  section  the 
importance  of  (unknown)  topography  and  accelerations  in  c 
and  h  is  addressed.  Imperfections  due  to  unknown 
topography  is  considered  first.  From  Fig.  2,  the  shift,  Ap,  to 
be  compensated  is  seen  to  be 

Ap  =  -n(0)  •  b{s)  =  -csinQ-\~  h cos 0. 

A  height  “error”,  5^ ,  will  give  an  uncompensated  shift  of 

8™  =-^8,  =-(ccos0  +  /2sine)-A— 5,  (6) 

dz  psin0 


in  the  range  direction  as  compared  to  an  image  with  perfect 
compensated  motion.  Note  that  the  deviation  from  an  actual 
track  to  a  reference  track  is  compensated  by  a  procedure 
which  is  basically  similar  to  how  one  data  set  of  an 
interferometric  pair  is  overlaid  the  other  data  set.  Reversely 
this  relationship  between  height  offsets  and  slant  range  offsets 
is  the  very  reason  that  interferometry  works,  [2].  An 
unknown  scene  height  also  give  rise  to  a  shift  in  the  azimuth 
direction, 


,  S  (  3ip' 


dc  dh  .  ^ 

—  COS0  -I - sinB 

ds  ds 


sin0 


(7) 


in  generale  much  larger,  but  not  as  severe  in  the  sense  that  it 
does  not  affect  the  phase.  On  the  other  hand  it  is  most 
undesirable  since  it  causes  misalignment  of  the  images.  The 
cross  track  velocities  must  therefore  be  minimized,  during  the 
control  of  the  airplane.  Note  that  it  is  the  absolute  heights 
which  are  of  importance  -  not  the  variations  within  the  scene. 

Another  important  issue  is  delay  of  navigation  data  relative 
to  the  radar  data.  Such  a  delay  results  in  an  error  in  the 
measurement  of  the  antenna  phase  center.  This  delay  will 
mainly  cause  a  shift  in  the  azimuth  direction  and  thus  cause 
misalignment  of  the  data  sets.  If  the  delay,  6^,  is  measured  in 
meter  ( =  the  shift  is 


«  -A 


3Ap 

'17 


18,  = 


3"c  .  ^  . 

— 5-sin0  +  — 5-COS0 

3j2 


P8,.  (8) 


It  is  therefore  of  importance  that  the  accelerations  in  the 
control  of  the  airplane  is  minimized.  On  the  other  hand  (8) 
enables  the  estimation  of  the  delay  as  two  independent  aircraft 
tracks  generally  will  have  a  baseline  acceleration. 


P2  cos  a  cose  -  Pi  = -c(5)sin0  + h(5)cos0.  (5) 

Finally  (l)-(3)  and  their  derivatives  are  substituted  into  (4)-(5) 
forming  two  independent  (virtual)  linear  equations  in  the 
baseline  parameters  a,  ,  Xi  several  well  spread 

estimated  image  shifts,  sets  of  (4)-(5)  will  form  a  equation 
system  with  sufficient  rank  to  determine  the  baseline. 

The  outlined  method  gives  a  well  determined  baseline 
estimate,  since  the  azimuth  shift  is  very  sensitive  to  the 
derivative  of  c(5)  and  h{s).  Also  note  that  the  method  in 
principle  requires  knowledge  of  the  topography  (through  0 ), 
but  to  first  order  a  flat  earth  assumption  is  sufficient. 


Fig.  2.  Motion  compensation  of  a  target  at  height  6^ .  n(0)  is 
the  LOS  unit  vector;  b(5)  deviation  from  the  reference  track. 
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RESULTS 


OCRS  has  on  two  consecutive  days  in  august  1995  acquired 
L-band  (HH+VV)  repeat  track  interferometry  data  over 
Storstr0mmen  glacier  in  Northeast  Greenland.  The  nominally 
36  km  long  imagery  were  acquired  from  an  altitude  of 
H  =  12500  m  with  incidence  angles  ranging  from  26®  to  58®. 

Two  typical  tracks  with  a  perpendicular  baseline  of  about 
10  m  were  selected  to  illustrate  the  three  step  baseline 
estimation  procedure.  The  navigation  data  and  the  radar  data 
are  synchronized  via  an  accurate  time  tagging.  Local  image 
misregistrations  are  found  by  a  cross  correlation  of  25  range 
patches  by  79  azimuth  patches  with  a  size  of  128x128  pixels. 


/.  Initial  processing  of  the  two  data  sets  with  motion 
compensation  to  a  common  reference  line.  Cross 
correlation.  Estimation  of  the  linear  baseline  residuals 
by  solving  equations  (4)  and  (5)  in  a  least  squares  sense, 
see  Table  1 .  Correction  of  the  navigation  data. 

2.  Reprocessing  and  cross  correlation.  The  misregistrations 
are  shown  on  Fig.  3.  Now  a  third  order  model  is  fitted, 
and  a  navigation  data  delay  of  3  ms  estimated  by  an 
application  of  (8). 

3.  Reprocessing  and  cross  correlation.  A  third  order  model 
is  again  fitted,  see  Table  1,  The  navigation  data  are 
corrected  and  the  baselines  can  now  be  extracted. 

For  verification  a  final  processing  and  cross  correlation  has 
been  performed  and  the  results  plotted  on  Fig.  3,  and  it  is  seen 
that  the  higher  order  baseline  terms  significantly  reduce  the 
registration  errors.  The  third  order  terms  are  significant  in  a 
F-test  on  all  reasonable  levels.  If  the  apparent  remaining 
systematic  errors  are  taken  into  account,  e.g,  by  a  factor  10 
reduction  in  number  of  independent  observations  in  the  F-test, 
the  third  order  terms  are  significant  only  on  the  90%  level, 
thus  being  obvious  subjects  for  elimination. 

The  accuracy  of  the  estimated  baseline  is  addressed  via  an 
analysis  of  the  dispersion  matrix  of  the  estimated  ’baseline 
residual  coefficients.'  The  standard  deviations  on  the  sum  off 
the  cross  track  coefficients,  %o  “X3  “  03  ,  are  1.4  cm 

and  1.7  cm  respectively,  (with  an  assumption  of  complete 
uncorrelated  misregistrations). 

Table  1.  Estimated  baseline  residual  after  first  and  third 
processing.  Residuals  is  expressed  as  in  (l)-(3),  where  T^is) 
is  an  i -order  Chebychev  polynomial  with  s  scaled  to  [-1 ;!]. 


Point  number 


Fig.  3.  The  range  and  azimuth  misregistrations  after  removal 
of  the  linear  (parabolic  curves)  and  the  3’rd  order  (flat  curves) 
baselines  errors.  The  patches  are  numbered  consecutively. 


CONCLUSION 

Track  estimation  as  well  as  navigation  data  synchronization 
have  been  shown  to  reduce  uncertainties  on  the  baseline  from 
several  meters  to  centimeter  level  in  the  typically  36  km  long 
EMISAR  imagery  of  Storstrpmmen.  Though  accurate  enough 
for  some  applications,  for  others  it  might  be  necessary  to  take 
motion  compensation  errors  into  account  in  the  estimation 
scheme,  via  a  coarse  DEM.  Alternatively,  Kiruma  has 
proposed  a  multi  track  technique  for  stationary  scenes,  which 
are  easily  modifed  to  take  higher  order  motion  components 
into  account,  [3].  However,  this  does  not  utilize  the  azimuth 
distortions  which  contains  useful  information  and  must  be 
taken  into  account  in  the  airborne  case. 


i 

0,  [m] 

Xi  [m] 

tl,  [m] 

0 

-1,246 

-6.363 

-11.978 

1 

0.989 

-0.802 

1.168 

Std.  dev.  ra-~residual: 

0.221  [m] 

Std.  dev.  az-residual: 

0.781  [ml 

0 

-0.374 

-0.154 

-0.004 

1 

-1.858 

-0.006 

-0.003 

2 

-1.151 

-0.488 

-0.017 

3 

0.031 

0.016 

0.021 

Std.  dev.  ra-residual: 

0.044  [m] 

Std.  dev.  az-residual: 

0.133  [ml 
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Abstract  -  SAR  Interferometry  is  a  relevant  tool  for  Earth 
monitoring.  Across-track  mode  is  capable  to  generate  high- 
resolution  terrain  elevation  maps.  Their  quality  is  governed 
by  the  correlation  of  the  SAR  image  pair  which  are  used  to 
generate  the  interferogram.  The  baseline  decorrelation  is  here 
considered  emphasizing  the  importance  of  the  surface 
scattering. 

INTRODUCTION 

SAR  interferometry  (IFSAR)  is  a  widespreading  technique 
which  is  able  to  open  a  new  perspective  into  geo  and  marine 
science,  see,  for  instance  [1-4].  In  particular,  across-track 
interferometry  is  able  to  generate  from  a  SAR  image  pair  an 
interferogram  which  is  related  to  the  terrain  elevation  of  the 
scene  under  survey.  The  ability  to  estimate  the  terrain 
elevation  from  the  interferogram  is  dictated  by  the  correlation 
of  the  SAR  image  pair  [5].  This  is  a  fundamental  and  very 
important  problem:  on  one  side  it  sets  a  limit  on  the  height 
accuracy  of  the  terrain  elevation  map  [2,5]  and  on  the  other  it 
permits  to  extract  some  information  over  the  temporal 
changes  of  the  scene  [5,6]. 

The  main  sources  of  decorrelation  are  [5]:  the  system 
thermal  noise,  the  temporal  changes  of  the  scene,  the  DFSAR 
processing  errors  and  the  spatial  diversity.  The  decorrelation 
due  to  thermal  noise  can  be  easily  modelled  by  an  additive 
noise  model,  the  decorrelation  due  to  temporal  changes  is 
present  only  in  the  repeat-pass  interferometry  mode  and  the 
IFSAR  processing  sources  of  decorrelation  can  be  minimized 
by  accurate  processing.  Conversely,  the  baseline 
decorrelation,  which  is  related  to  spatial  diversity,  is 
unavoidable  [5]  and  intrinsic  in  any  IFSAR  system  even  if  it 
can  be  reduced  at  the  expenses  of  image  resolution  [7].  Any 
information  about  the  decorrelation  process  is  of  great 
relevance  when  designing  an  IFSAR  system. 

In  this  paper  we  investigate  the  influence  of  the  scattering 
surface  properties  on  the  baseline  decorrelation,  also  in  view 
of  a  future  realization  of  an  IFSAR  simulator. 

We  represent  the  illuminated  patch  by  means  of  a  two-scale 
model:  the  low  frequency  part  of  the  surface  profile's 
spectrum  is  described  by  planar  facets,  while  its  high 
frequency  part  is  modelled  by  a  superimposed  microscopic 
roughness  whose  heigth  profde  is  a  .second-order  stationary 
isotropic  process  with  zero  mean.  We  analytically  evaluate 
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the  correlation  between  the  electromagnetic  fields 
backscattered  to  the  two  synthetic  SAR  antennas.  We  show 
that  generally  the  correlation  is  not  only  affected  by  the 
sensor  geometry  but  also  by  the  surface  roughness.  By  using 
system  parameters  typical  of  a  real  IFSAR  sensor  and 
considering  the  case  study  of  a  Gaussian  surface,  we  show 
that  the  predicted  dependence  on  the  roughness  standard 
deviation  a  becomes  appreciable  for  high  values  of  a/X 
and/or  for  large  baselines.  Note  finally  that  the  importance  of 
surface  scattering  has  been  addressed  also  in  [8];  in  this 
paper  we  use  a  more  general  approach  which  does  not  require 
the  backscattered  field  to  be  delta-correlated.  In  addition,  a 
general  and  compact  formulation  is  here  provided. 

The  paper  is  organized  as  follows.  First,  a  complete 
formulation  of  the  problem  is  given.  The  scattering  model  is 
depicted  under  the  hypothesis  of  surface  scattering  and 
Physical  Optics  (PO)  solution  of  the  scattering  integral. 
Then,  the  relevant  case  of  Gaussian  surface  is  specialized. 
Finally,  a  set  of  meaningful  numerical  examples  is  provided. 

THE  MODEL 

In  this  Section  we  depict  the  very  general  model  we 
employ  in  order  to  evaluate  the  baseline  decorrelation  as 
function  of  the  surface  scattering  characteristics  of  the  scene 
under  survey. 

The  decorrelation  coefficient  y  is  defined  as  follows: 

^  \E[e,e;]\ 

^  ^E[\e,f]E[\e,f]  ’ 

wherein  *  stands  for  complex  conjugate,  El  ]  for  statistical 
mean  and  c,  and  e^  are  the  two  electromagnetic  fields  received 
at  the  two  synthetic  antennas  forming  the  IFSAR  system,  see 
Fig.I. 

In  order  to  obtain  /  we  need  to  evaluate  the  mean  square 
value  of  the  two  backscattered  electric  fields  and  their  mutual 
coherence.  In  the  PO  approximation  we  have  [9]: 

e,,2  =  KF,_^e-^'"’^^jjdxdye-^^^^‘W(x~Xo,y-yo)  -  (2) 

wherein  (Fig.I)  the  pedixes  1  and  2  apply  to  the  first  and 
second  antenna,  respectively,  /?i,2  are  the  antennas  -  facet 
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Fig.l:  Relevant  to  the  geometry  of  the  problem 


center  ranges,  /tj  2  are  the  wavenumber  vectors  and  t  is  the 
vector  describing  the  facet  roughness  with  reference  to  its 
center.  The  factor  K  accounts  for  the  free-space  attenuation,  F 
is  a  complex  function  depending  on  the  Fresnel  coefficients 
at  the  mean  plane  [9]  and  W(jc,y)  is  the  SAR  ground 
illumination  function  (alter  processing). 

If  W(xj)  is  a  factorizable  function,  we  can  write: 

Wix,y)  =  E(x/ Ax)G{y  /  Ay)  ,  ^3) 

whereinAjc  and  Ay  are  the  azimuth  and  ground  range 
resolution,  and  £'(*),  0(  )  can  have,  for  instance  the  usual 
sinc(*)  expression.  This  quoted  assumption  (eq.  (3))  can  be 
relaxed,  but  it  is  used  here  for  the  sake  of  simplicity. 

In  the  hypothesis  that  the  microscopic  roughness  e{x,y)  is 
a  second-order  stationary  isotropic  statistical  process,  we 
have  that  the  mean  square  values  of  the  two  e.m.  field  are 
[10]: 

£[|e,|']  =  2nr|i'fAxA>-9H„(i')  ,  (4) 

E[\e^f]  =  2nK%fAxAy^^(s")  ,  (5) 


angle  the  baseline  component  perpendicular  to  the  look 
direction  the  slant  range  resolution  Ar,  and  the  tilt  angles 
a,p  of  the  mean  plane  along  x  and  y  directions,  respectively. 
More  details  can  be  found  in  [10]. 

Inserting  eqs.  (4-6)  into  eq.  (1)  we  get: 


y  =  1-T[E^](2Ajc5j^  tana sinz^/ a/?)* 


5\0^](2ArBJtm(i}-P)XR)  , 


(7) 


where  the  dependence  on  the  roughness  statistics  is  expressed 
by  the  last  factor. 

It  is  here  instructive  to  specialize  yin  the  relevant  case  of 
a  Gaussian  surface,  that  is  whenever  e(xj)  is  characterized  by 
Gaussian  self  and  joint  probability  density  functions  (pdf).. 
In  particular,  the  self  pdf  has  a  zero-mean  and  a-standard 
deviation  and  the  normalized  correlation  function  is  given 
by: 


C(T)  =  exp(-T^/7’')  ,  (8) 

wherein  T  is  the  usual  correlation  distance. 

In  such  a  case,  if  we  assume  the  sinc(  )  SAR  ground 
illumination  function  and  consider  large  values  of  cr/A,  we 
have: 


Y  =  1“A 


exp 


~2AxB^  tana sin?3] ^ 

2ArB^ 

5^  J 

-1( 

^4na  V 

2I 

.  XR  J  _ 

(9) 


wherein  A(  )  is  the  triangle  function. 

The  last  factor  of  eq.  (9)  can  be  approximated  to  unity  if: 


« 


XR 

4k  sini3 


(10) 


In  this  case,  letting  a=/3=0,  we  obtain  the  well  known  result 
that  the  decorrelation  linearly  increases  with  the  baseline 
[2,5,7].  The  validity  of  this  approximation  for  a  real  IFSAR 
sensor  is  discussed  in  the  next  Section. 


whereas  their  mutual  coherence  is  given  by  [10]: 

E[e,e\]  =  • 

5[E^](2AxB  ^  tan  a  sin??/ A/?) 

5[0^](2ArB,  / tan(t?-^)AR)  . 

In  eq.(4-6)  9li(  )  are  the  Hankel  Transforms  of  a 
combination  of  the  self  and  joint  characteristic  functions  of  e 
[10]  and  ^  means  Fourier  Transform.  Others  parameters  are 
the  average  antenna  -  facet  center  range  R,  the  average  look 


RESULTS 

In  this  Section,  we  analyze  the  baseline  decorrelation 
behavior  in  the  case  of  the  X-SAR  interferometer,  whose 
main  system  parameters  are  listed  in  Table  I. 

We  consider  an  untilted  surface  (a=j9=0)  and  an  average 
look  angle  ??  equal  to  45°.  In  this  case,  the  baseline 
decorrelation  %  evaluated  by  means  of  eq.(9)  as  a  function  of 
and  for  different  values  of  a  can  be  determined. 

Results  for  Bj^  ranging  from  0  to  the  critical  baseline  [5]  and 
a  ranging  from  0  m  to  2  m  with  a  step  of  0.5  m,  are  depicted 
in  Fig  .2. 
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TABT  F.  I:  Relevant  to  some  X-SAR  system  parameters 


Spacecraft  altitude 

220  km 

Look  angle 

15°  to  65° 

Wavelength 

0.031  m 

Nominal  slant  range  resolution 

7.89  m 

0  100  200  300  400  500  600 

Fig.2:  yvs.  Curves  are  parametrized  to  a  ranging  from 
0  m  to  2  m  with  a  0.5  m  step. 


We  note  that  except  for  low  values  of  a  the  linear  model 
[2,5]  is  not  appropriate.  This  is  emphasized  in  Fig.  3  where 
the  difference  Ay  between  y  evaluated  by  eq.(9)  and  y^y^ 
evaluated  via  the  linear  model  is  plotted.  For  example,  for 
equal  to  100  m  we  have  that  Ay  is  0.001,  0.004,  0.008, 
0.015  for  (T  equal  to  0.5  m,  1.0  m,  1.5  m,  and  2.0  m, 
respectively.  Accordingly  for  equal  to  300  m  we  have  that 
Ay  is  0.005,  0.020,  0.043,  0.074.  In  general,  it  can  be 
demonstrated  by  eq.(9)  that: 


Ay 

Yo 


_1( 

"  ;rcr  sint?  tan  1?  ^ 

2\ 

max 

Ar  J 

2 


(11) 


and  is  achieved  at  half  of  the  critical  baseline. 


As  a  con.sequence,  we  can  state  that  as  soon  the  baseline  is 
much  shorter  than  the  critical  one,  the  linear  model  is 
practically  coincident  with  the  one  depicted  by  eq.(9),  at 
least  in  the  examined  Gaussian  case. 

Differently,  if  the  baseline  is  around  half  of  the  critical 
baseline,  the  effect  of  the  surface  roughness  becomes 
apixeciable. 


CONCXUSIONS 

In  this  paper  a  new  general  and  compact  formulation  of  the 
baseline  decorrelation  coefficient,  which  takes  into  account 
the  surface  roughness  statistics,  has  been  provided.  It  has 
been  shown  that  the  dependence  on  the  roughness  statistics 
is  appreciable  for  very  rough  surfaces  and  for  long  baselines. 
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Abstract  -  Relatively  low-cost,  eye-safe  lidars  are  now 
possible  with  recent  technological  advances  in  lasers  and 
detectors.  Both  diode  pumped  Nd: YAGA^LF  and  AlGaAs 
diode  lasers  are  viable  candidates  for  the  low  energy,  high 
rep-rate  lidar  transmitter  sources  required  for  eye  safety. 
High  quantum  efficiency  photon  counting  avalanche 
photodiodes  (APD’s)  permit  efficient  detection  of  the 
weak  lidar  returns  plus  an  effective  means  for  averaging 
over  the  large  number  of  pulses  needed  to  achieve 
acceptable  signal  to  noise  ratios  (SNR’s).  A  critical 
question  as  to  the  feasibility  of  this  micro  pulse  lidar 
(MPL)  approach  is  whether  acceptable  SNR’s  can  be 
obtained  for  daytime  operation.  This  paper  presents 
simulations  of  expected  performance  for  an  MPL  similar 
to  a  system  now  under  field  test  at  the  DOE  ARM  CART 
site,  the  results  of  which  are  compared  with  sample 
observations  obtained  with  this  field  system. 

INTRODUCTION 

Lidar  offers  an  effective  approach  for  profiling  aerosol 
and  cloud  structural  features  as  has  been  demonstrated 
numerous  times  (e.g.,  [1]).  However,  even  more  than 
thirty  years  since  its  inception,  lidar  has  yet  to  achieve 
truly  widespread  appreciation.  While  there  are  many 
reasons  for  this,  including  the  need  for  research 
demonstrations  before  committing  to  operational  use,  two 
of  the  most  significant  reasons  are  that  lidars  have 
generally  not  been  eye-safe  and  lidars  have  been  quite 
expensive. 

Relatively  low-cost,  eye-safe  lidars  are  now  possible  with 
recent  technological  advances  in  lasers  and  detectors. 
Candidate  lasers  for  eye-safe  visible  and  near-IR  lidars 
include  diode  pumped,  frequency-doubled  Nd:YAGALF 
lasers  and  GaAlAs  laser  diodes,  both  of  which  are  capable 
of  producing  microjoule  QjlJ)  or  higher  pulse  energies  at 
pulse  repetition  frequencies  (PRF’s)  of  a  few  kHz  or 
higher.  Eye-safety  for  such  low  energy  pulses  can  be 
readily  achieved  by  expanding  the  laser  beam  through  a 
collimator  to  a  diameter  not  greater  than  —25  cm.  The 
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weak  photon  returns  from  such  low  energy  transmitted 
pulses  can  be  efficiently  sensed  with  photon  counting 
silicon  avalanche  photodiode  (APD)  detectors  now 
available  with  quantum  efficiencies  greater  than  —30  % 
and  count  rates  of  —10  MHz.  Micro  pulse  lidars  (MPL’s) 
based  on  these  technological  innovations  are  being 
investigated  for  both  aerosol/cloud  [2]  and  water  vapor  [3] 
profiling  applications,  and  a  first  version  MPL  cloud  lidar, 
employing  a  frequency-doubled  ND:YLF  laser,  has 
successfully  completed  over  a  year  of  testing  as  an 
autonomous  field  instrument  at  the  DOE  Atmospheric 
Radiation  Measurements  (ARM)  Oklahoma  Cloud  and 
Radiation  Testbed  (CART)  site. 

A  critical  question  as  to  the  feasibility  of  the  MPL 
approach  for  operational  applications  is  whether 
acceptable  signal  to  noise  ratios  (SNR’s)  can  be  achieved 
in  reasonably  short  time  intervals  (within  several  minutes) 
even  for  daytime  operation.  This  paper  presents 
simulations  of  expected  night  and  daytime  performance  for 
an  MPL  system  with  parameters  equal  to  those  of  the 
recently  upgraded  DOE  ARM  instrument,  MPL-2.  The 
simulations  are  compared  with  sample  observations  to 
demonstrate  that  the  upgraded  system  indeed  operates 
effectively  and  as  predicted. 

THEORETICAL  CONSIDERATIONS 

The  received  lidar  signal  for  one  transmitted  laser  pulse 
of  energy  Eq  at  wavelength  A,  expressed  in  received 
primary  (unmultiplied)  photoelectrons,  n(r),  for 
backscattering  received  from  a  range  bin  A  r  centered  at  a 
distance  r  from  the  lidar  may  be  expressed  by 

.  ifi  E,A,^r^r)T\r) 

^  ^  he 

Here,  is  the  detector  quantum  efficiency,  h  is  Planck’s 
constant,  c  is  the  speed  of  light,  is  the  effective  receiver 
aperture,  I3(r)  is  the  atmospheric  unit  volume 
backscattering  coefficient  and  T^(r)  is  the  atmospheric 
round-trip  transmittance  which  is  related  to  the  unit 
volume  atmospheric  extinction  coefficient  a(/)  along  the 
path  by 
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-2fa(r')dr'  (2) 

7^(r)  =  e  “ 

If  noise  present  due  to  background  radiation 

and  detector  noise,  the  ideal  quantum  limited  rms  SNR  is 
given  by 

sm  =  (3) 

for  one  pulse  and  is  increased  by  a/M  for  M  pulses.  If 
ngj)  is  negligible  as  should  be  the  case  for  a  dark  night 
and  a  very  low  dark  count  detector,  then  SNR  »  ^ ■ 

Background  radiation,  ng,  is  a  significant  concern  for 
daytime  operation,  for  which  case  ngp  «  ng  for  a  low 
dark  count  detector.  The  backgroimd  counts  per  range 
bin  Ar  may  be  e3q)ressed  in  the  form 

Hg  =  X  —  (4) 

where,  in  addition  to  the  terms  defined  earlier,  fig  is  the 
receiver  solid  angle,  AA,g  is  the  receiver  spectral  bandpass 
and  L;^^g  is  the  s\^  spectral  radiance  (wm‘^  sr’’^  nm'^) 
along  the  direction  r,  which  is  along  the  zenith  for  a 
vertical  pointing  lidar. 

For  A.  selected  to  avoid  molecular  absorption  p(r)  and 
a(r)  are  due  to  the  combined  effects  of  air  molecules 
(Rayleigh  scattering)  and  aerosol  particles; 

where  the  R  and  a  subscripts  identify  the  Rayleigh  and 
aerosol  coefficients,  respectively. 

The  Rayleigh  terms  p^(r)  and  aj^(r)  may  be  computed 
from  the  Rayleigh  scattering  law  and  a  knowledge  of 
atmospheric  temperature  and  pressure  versus  r.  This  leaves 
P  (r)  and  a  Jr)  as  unknowns,  but  there  is  only  one  known, 
n(r),  at  any  r.  Hence,  PJr)  and  ojr),  as  well  as  the 
aerosol  extinction-to-backscatter  ratio  =  a JP^,  cannot 
be  retrieved  without  invoking  certain  assumptions  or 
special  circumstances.  For  example,  knowing  or  assuming 
a  modeled  value  for  permits  retrieval  of  the  aerosol 
extinction  profile,  ^^(r). 

Aerosol  concentrations  are  typically  high  enough  near 
the  surface  so  that  /3(r)  «  PJt)  and  (T(r)  «  ^^^(r)  for  the 
first  several  hundreds  of  meters  at  an  operating  wavelength 
of  A.  =  523  nm.  However,  high  aerosol  concentrations  are 
generally  limited  to  a  well  mixed  region  that  extends  no 
more  than  a  few  km  above  the  earth’s  surface.  Thus, 
under  clean,  cloud  free  conditions  for  A  =  523  nm,  it  is 
reasonable  to  approximate  j8(r)  »  ^g(r)  and  CT(r)  « (Tg(r) 
in  the  upper  troposphere  for  heights  greater  than  about  5 
km  above  ground.  This  provides  a  good  test  region  to 


compare  theoretically  predicted  lidar  performance  against 
actual  observations. 

SIMULATIONS  AND  OBSERVATIONS 

To  generate  simulations  representative  of  reasonably 
clean  conditions,  an  aerosol  profile  model  for  A  =  523  nm 
was  chosen  with  a  mixed  layer  height  of  about  3  km,  an 
optical  depth  (integrated  extinction)  of  about  0.1,  an 
aerosol  extinction  to  backscatter  ratio,  ajp^,  of  25  and 
P^/P^>10  between  5  and  10  km  above  ground.  One 
minute  average  (150,000  laser  pulses)  SNR  values  were 
computed  for  this  aerosol  model  using  the  signal  and  noise 
relations  given  in  (1)  through  (6)  and  the  following 
parameters  representative  of  the  upgraded  MPL-2  system; 

Eq  =  1-^8  JU.J  @  2.5  kHz  PRF 
Aj^  =  IT  xlO'^m^  (20  cm  diameter) 

8^  =  55%  @  523  nm 

AAr  =  0.14  nm 

Hr  =  9.5x10'^  sr  (110  ju-rad  full-angle  FOV) 
system  optical  transmission  efficiency  of  —7% 

The  system  optical  transmission  efficiency  is  multiplied 
times  Ar  to  account  for  internal  optical  losses.  The 
transmitted  laser  pulse  energy  is  about  8  fiJ  if  the  system 
exit  window  is  clean,  but  several  weeks  have  often  passed 
between  cleanings.  The  signal  has  been  observed  to 
increase  as  much  as  7  or  8  fold  after  the  window  was 
cleaned;  hence,  the  reason  for  listing  Eq= 1^8  juJ.  A  value 
of  4  iiJ  was  assumed  for  Eq  in  the  simulations.  The 
background  and  detector  noise  count,  ngjj,  was  assumed 
negligible  for  nighttime,  while  the  daytime  value  of  ngp 
was  assumed  to  be  dominated  by  background  radiation 
(i.e.,  ngQ  »  ng).  Estimates  of  the  background  radiance, 
L;^g,  needed  to  compute  ng  were  obtained  by  running  a 
radiative  transfer  code  for  A  =  523  nm  using  nominal 
values  for  surface  albedo  (~  0.2),  aerosol  optical  depth 
(0.1  to  0.2),  aerosol  size  distribution  (Junge  model  with  v 
=  2.5),  aerosol  refractive  index  (1.44  -  i  0.005)  and  sun 
angles  (zenith  angles  ^  30°).  For  zenith  viewing,  was 
estimated  to  be  bounded  between  0.05  to  0.1  wm  sr 
nm'^.  A  range  bin  size  of  Ar  =  300  m  was  used  in  the 
simulations  as  this  corresponds  to  the  bin  size  used  in  the 
collection  of  data  currently  available  for  comparison  with 
the  simulations. 

Results  of  the  SNR  simulations  are  listed  in  Table  1  for 
heights  in  1  km  steps  from  5  km  to  10  km.  The  nighttime 
values  are  quite  good  throughout  the  height  range  and 
even  the  daytime  values  are  all  greater  than  ~10.  An 
SNR  >  5  is  adequate  for  distinguishing  mixing  layer/cloud 
boundaries,  while  an  SNR  >  20  is  sufficient  for 
implementing  aerosol  retrieval  algorithms.  Hence,  the 
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simulation  results  indicate  that  MPL  data  should  be  quite 
useful  day  or  night  even  for  a  relatively  short  averaging 
period  of  one  minute.  Considerably  larger  SNR’s  would 
be  expected  for  lower  heights  both  due  to  the  inverse 
squared  range  effect  and  the  typically  much  larger  aerosol 
concentrations.  Averaging  for  periods  of  10  to  30  minutes 
would  further  increase  the  SNR’s  and  still  provide 
adequate  temporal  resolution  for  many  applications. 

To  select  MPL  data  to  compare  against  the  simulations, 
time-height  images  of  MPL  returns  were  scanned  for  a 
period  of  several  weeks  to  identify  cloud  free,  apparently 
fairly  clean  periods  of  24  hours  or  more.  The  range 
dependent  decreases  in  these  clear  period  returns  were 
then  checked  in  the  5  to  10  km  range  to  confirm  whether 
their  range-squared  compensated  signals  decreased  with 
height  close  to  what  would  be  expected  for  a  Rayleigh 
scattering  profile.  This  resulted  in  the  selection  of  a  24 
hour  data  period  beginning  on  10/1/95. 

To  extract  SNR  estimates  from  the  data  required  several 
processing  steps.  The  one  minute  summed  range  bin 
counts  recorded  by  the  MPL  data  acquisition  system  are 
totals  of  both  signal  and  noise,  nj(r)  =  n(r)  n^p.  A 
detector  count-rate  correction  factor  must  first  be  applied 
to  nj(r)  to  correct  counts  summed  at  rates  close  to  the 
detector  maximum  count  rate.  To  extract  the  signal  from 
the  corrected  nj(r)  count  requires  subtraction  of  ngjj, 
taken  as  the  corrected  average  count  for  bins  near  the 
maximum  unambiguous  range  (~60  km)  where  n(r)  is 
negligible.  The  extracted  signals  for  selected  heights  were 
then  time  averaged  to  determine  means,  h,  and  standard 
deviations,  a^,  of  n  for  15  minute  running  averages. 
Finally,  the  ratio  n/a^  was  taken  as  the  estimated  SNR  of 
n.  Results  obtained  by  averaging  for  an  hour  period  at 
night  and  for  an  hour  during  the  day  around  solar  noon, 
at  heights  in  1  km  steps  between  5  km  and  10  km,  are 
shown  in  Table  2. 

Comparing  the  values  in  Table  2  to  the  simulations 
(Table  1),  it  can  be  seen  that  the  observations  are 
somewhat  lower  but  exhibit  a  range  dependent  trend 
similar  to  the  simulations.  The  nighttime  results  are  about 
a  factor  1.5  lower  than  the  simulations,  indicating  Eq  was 
more  likely  about  2  /rJ  (nighttime  SNR  ex  \/E^),  which  is 
within  the  ‘dirty  window'  derated  energy  range  noted 
earlier.  Thus,  the  observations  fall  within  the  performance 
range  as  predicted  from  system  parameters.  Moreover, 
results  show  that  this  lidar  can  achieve  sufficiently  high 
SNR’s  in  short  averaging  periods  of  one  to  several  minutes 
to  be  quite  useful  in  aerosol  and  cloud  sensing  applications 
even  during  the  daytime. 
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Table  1  MPL-2  SNR  Simulations 

SNR 

Height 

(km) 

Night 

LAB(wm  sr'^ 
0.05 

nm'l) 

0.1 

5 

155 

82 

63 

6 

123 

54 

41 

7 

98 

37 

27 

8 

81 

25 

18 

9 

67 

17 

12 

10 

57 

12 

9 

Table  2  MPL-2  SNR  Performance 
(observations:  10/1/95  -  ARM  Oklahoma  CART  Site) 

Height 

SNR 

(km) 

Night 

Day 

5 

97 

27 

6 

79 

21 

7 

65 

17 

8 

53 

13 

9 

44 

11 

10 

37 
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ABSTRACT 

Summer  observations  by  a  Rayleigh  lidar  in  Greenland  are 
often  hindered  by  the  prolonged  presence  of  high  solar 
background.  To  reduce  the  contribution  of  solar  background 
to  the  lidar  signal  we  have  employed  polarization  and 
narrowband  filtering  techniques.  These  techniques  combine 
to  extend  lidar  operations  to  about  5°  solar  elevation  angle. 
Further  background  rejection  can  be  gained  by  employing 
multiple  etalons  of  relatively  high  resolution.  This  capability 
is  becoming  more  feasible  for  lidar  applications  with  the 
development  of  liquid  crystal  etalons.  Here,  we  demonstrate 
the  lidar  system  performance  separately  using  polarization 
and  narrowband  filtering  techniques  and  introduce  the 
development  of  a  unique  liquid  crystal  etalon  system  for  lidar 
applications. 

INTRODUCTION 

In  the  winter  of  1992/1993,  a  Rayleigh  lidar  system  was 
installed  at  the  NSF  Sondrestrom  atmospheric  research 
facility  located  on  the  west  coast  of  Greenland  near  the  town 
of  Kangerlussuaq  (67.0''N,  50.9°W).  The  vertically  directed 
lidar  system  samples  the  elastically  backscattered  laser 
energy  from  molecules  (Rayleigh)  and  aerosols  (Mie)  over 
the  altitude  range  from  15  to  90  km  at  high  spatial  resolution 
with  the  present  resolution  set  at  192  m.  The  lidar  system 
consists  of  an  injection-seeded,  frequency-doubled,  42W 
Nd:YAG  laser,  a  92  cm  Newtonian  telescope,  and  a  two- 
channel  photon  counting  receiver.  A  broadband  10  A  filter 
centered  on  532.0  nm  with  about  60%  peak  transmission  is 
used  in  the  receiver  during  nighttime  observations.  The  prin¬ 
cipal  objective  of  the  lidar  project  is  to  contribute  to  studies 


concerned  with  the  climatology  and  phenomenology  of  the 
arctic  middle  atmosphere. 

Because  of  the  site’s  location  above  the  arctic  circle, 
frequent  observations  are  made  during  sustained  periods  of 
twilight.  To  reduce  the  solar  background  during  these  times, 
we  use  a  combination  of  optical  elements  including  a  narrow - 
band  filter,  half-wave  plate,  and  a  polarizer  in  the  receiver 
optics.  This  combination  of  optical  elements  presently 
extends  lidar  operations  from  solar  elevation  angles  of  about 
-2°  to  solar  elevation  angles  of  about  5°.  For  the  arctic,  this 
improved  range  in  solar  elevation  angle  can  result  in  many 
hours  of  extended  lidar  operations  in  the  summer.  To  evaluate 
the  individual  performance  of  the  narrowband  filter  and  the 
polarizer  in  rejecting  solar  background,  we  describe  in  the 
following  section  lidar  measurements  using  each  technique. 
Following  this  section,  we  discuss  issues  related  to  employing 
high-resolution  etalons  within  a  lidar  receiver  system  and 
present  information  concerning  the  development  of  a  unique 
liquid  crystal  etalon  system  to  improve  daytime  operations  of 
the  Rayleigh  lidar.  This  novel  device  exploits  the  variable 
index  of  refraction  effect  inherent  in  liquid  crystals  to  allow 
for  a  stable,  rugged,  flexible,  compact  device  that  is  ideal  for 
lidar  applications. 

BACKGROUND  REJECTION  TECHNIQUES 
Polarization 

It  is  well  known  that  unpolarized  light  from  the  twilight  sun 
is  almost  completely  polarized  when  viewed  at  a  90° 
scattering  angle.  The  degree  of  polarization  at  the  90°  scat¬ 
tering  angle  is  wavelength-dependent  and,  for  the  receiver 
wavelength  of  532  nm,  is  nearly  90%  vertically  polarized  [1]. 
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Therefore,  during  these  times  the  background  light  observed 
from  a  vertically  viewing  lidar  receiver  will  be  highly 
polarized  (multiple  scattering  and  ground  reflections  will 
cause  some  depolarization).  By  incorporating  a  half-wave 
plate  and  polarizer  into  the  receiver  optics,  we  can,  the¬ 
oretically,  reject  99%  of  the  vertically  polarized  light  and 
transmit  95%  of  the  horizontally  polarized  light.  Once  the 
background  rejection  is  optimized,  the  linearly  polarized  laser 
pulses  at  532  nm  can  be  transmitted  in  the  horizontal  plane  of 
polarization  and  scattered  back  to  the  receiver  with  little 
modification  to  its  original  polarization. 

Polarization  measurements  of  the  background  signal  alone 
during  twilight  conditions  resulted  in  a  75%  reduction  when 
the  polarizer  was  placed  in  the  optical  path  with  the 
broadband  filter.  The  impact  of  the  polarizer  on  the  laser 
signal  was  tested  during  low  background  conditions  (i.e., 
night).  This  test  resulted  in  a  laser  transmission  through  the 
polarizer  of  better  than  90%  after  fine  tuning  the  polarization 
plane  of  the  transmitted  beam.  Thus,  the  use  of  the  polarizer 
improves  lidar  performance  during  twilight  conditions  by  a 
factor  of  three  to  four.  The  polarization  technique  alone 
becomes  ineffective  for  solar  zenith  angles  less  than  85°, 
partly  due  to  the  linear  decrease  in  the  degree  of  polarization 
with  decreasing  solar  zenith  angle,  but  mostly  due  to  the 
exponential  increase  in  the  background  intensity  with 
decreasing  solar  zenith  angle.  It  should  be  noted,  however, 
that  it  is  necessary  to  rotate  the  polarization  plane  of  the 
receiver  and  the  transmitter  to  compensate  for  the  sun’s 
azimuthal  position  changing  with  time.  As  the  sun  changes  its 
azimuthal  position,  the  plane  of  highly  polarized  back- 
scattered  light  will  rotate  with  that  change.  As  a  result,  the 
effectiveness  of  a  polarizer  with  a  fixed  half-wave  plate  will 
range  from  maximum  to  minimum  as  the  sun  azimuth 
changes  from  0  to  90°.  As  the  summertime  sun  rises  at  our 
latitude  the  azimuthal  angle  has  changed  by  nearly  90°  from 
sunset  and,  therefore,  the  plane  of  highly  polarized  scattered 
background  light  has  rotated  90°.  This  causes  an  increase  in 
the  background  by  a  factor  of  three  to  four  compared  to  the 
measurements  made  during  sunset  at  the  same  solar  zenith 
angle,  basically  illustrating  the  polarizer’s  ineffectiveness  at 
dawn.  To  remedy  this  situation  we  have  implemented 
computer-controlled,  half-wave  plate  rotators  in  the  trans¬ 
mitter  and  receiver  to  rotate  the  plane  of  polarization  of  the 
transmitted  beam  and  the  receiver  with  the  sun’s  position  to 
optimize  the  background  rejection  at  all  solar  azimuth  angles. 

Narrowband  Filtering 

It  has  been  shown  by  [2]  that  for  a  continuous  spectrum  the 
output  flux  from  a  dispersive  element,  such  as  a  prism, 
grating  spectrometer,  or  Fabry-Perot  spectrometer,  is  inverse¬ 
ly  proportional  to  the  square  of  the  resolving  power  (R). 
Thus,  for  lidar  operations  during  high  solar  background 
conditions,  it  is  of  great  advantage  to  reduce  the  spectral 


passband  of  the  system  by  employing  narrowband  filters. 
Reference  [2]  also  demonstrated  that  for  the  same  resolving 
power  the  Fabry-Perot  (FP)  provides  the  greatest  luminosity 
(L).  These  properties  favor  the  use  of  FP  etalons  in  daytime 
Rayleigh  lidar  work.  This  leads  to  the  concept  of  the 
luminosity-resolution  (LR)  product 

LR  =  2;rA^^T  = 

illustrating  the  constancy  of  this  relationship  with  the 
working  area  of  the  FP  etalon  App  and  the  total  transmittance 
factor  of  the  optical  system.  Maximizing  this  product  results 
in  a  trade-off  between  the  etendue  (U)  of  the  FP  and  its 
resolving  power.  In  general,  etendue  is  equal  to  the  product  of 
AQ,  which  for  any  optical  system  should  be  conserved  to 
ensure  maximum  throughput.  For  an  FP  etalon,  the  solid 
angle  subtended  by  the  etalon  plates  is  expressed  as  = 
27cR‘1  which  limits  the  resolving  power  of  the  etalon.  The 
telescope  etendue  is  determined  by  the  area  of  the  primary 
mirror  and  its  field  of  view.  Thus,  for  lidar  applications  the 
etendue  of  the  etalon  with  the  greatest  resolving  power 
should  be  equal  or  greater  than  the  etendue  of  the  collecting 
telescope.  By  definition,  low-resolution  filters  have  small 
resolving  powers  and,  therefore,  interference  filters  of  one- 
inch  diameter  or  more  and  greater  than  about  10  A  bandwidth 
may  be  used  in  lidar  receivers  without  much  concern  about 
limiting  the  etendue  or  throughput  of  the  system. 

Currently,  we  employ  in  our  receiver  during  high 
background  conditions  a  Daystar  filter,  consisting  of  a  solid 
mica  etalon  and  an  interference  filter,  centered  on  5320.5  A 
with  a  0.8  A  bandwidth  and  approximately  25%  peak 
transmission.  By  etalon  standards,  this  is  a  low-resolution 
filter  with  an  etendue  that  exceeds  the  etendue  of  our 
collecting  telescope.  Fig.  la  compares  the  performance  of  this 
Daystar  filter  with  the  polarizer  configuration  discussed 
previously  in  terms  of  signal  percent  error  versus  solar  zenith 
angle.  The  comparison  is  based  on  dusk  observations  made 
on  August  26,  1995  using  only  the  Daystar  filter  in  the 
receiver  and  dusk  observations  made  on  August  27  using  the 
half-wave  plate,  polarizer,  and  10  A  interference  filter  in  the 
receiver.  Five  altitudes  of  30.42  km,  40.02  km,  50.58  km, 
60.18  km,  and  70.74  km  were  used  in  computing  the  percent 
error  from  the  data  sets  with  lower  percent  error  meaning 
better  system  performance. 

We  calculated  the  percent  error  after  integrating  the  data 
for  3  min  and  5  range  gates  (or  about  1  km).  Due  to  the 
increasing  background  variance,  the  noise-subtracted  signal 
estimates  worsened  with  decreasing  solar  zenith  angle, 
particularly  for  data  above  50  km  altitude.  As  a  result,  we 
decided  to  determine  the  percent  error  using  signal  estimates 
from  the  dark  period  of  observations  using  the  Daystar  filter 
and  another  set  of  signal  estimates  from  the  dark  period  of 
observations  using  the  polarizer  setup.  This  allowed  the 
percent  error  to  be  reliably  determined  during  the  high 
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(a) 


SOLAR  ZENITH  ANGLE 


(b) 


Fig  1.  System  performance  at  5  different  altitudes  expressed 
in  terms  of  percent  error  for  observations  of  a)  August  26  and 
27,  1995  and  b)  April  25,  1995.  The  August  data  is  a  com¬ 
parison  between  observations  made  using  the  polarizer 
configuration,  dotted  line,  and  the  Daystar  Filter,  solid  line. 
The  April  data  is  a  comparison  between  observations  made 
using  a  broadband  lOA  filter,  dotted  line,  and  the  Daystar 
Filter,  solid  line.  The  shaded  region  highlights  the  per¬ 
formance  of  the  polarizer  in  a)  and  the  broadband  filter  in  b). 

background  conditions  for  all  altitudes.  The  percent  error 
associated  with  the  Daystar  filter  is  shown  by  the  solid  line  in 
Fig.  la  while  the  percent  error  associated  with  the  polarizer  is 
shown  by  the  dashed  line.  The  shaded  region  in  Fig.  la 
highlights  the  system  performance  using  the  polarizer.  The 
polarizer  observations  were  limited  to  solar  zenith  angles 


greater  than  about  90°  due  to  the  high  background  saturating 
the  counters. 

As  shown  by  the  boundary  of  the  shaded  region  in  Fig.  la, 
the  time  or  solar  zenith  angle  where  the  percent  error  of  the 
two  techniques  cross  is  altitude-dependent.  This  is  because  of 
the  different  influences  the  two  optical  elements  have  on  the 
laser  signal  and  on  the  time-varying  background  signal.  This 
results  in  a  tradeoff  between  the  temporally  increasing  solar 
background  and  the  spatially  decreasing  backscattered  laser 
signal  with  altitude.  This  effect  can  be  explained  by 
expressing  the  percent  error  in  a  signal-dominated  regime  as 
l/^j{s(k)) ,  where  <s(k)>  is  the  mean  signal  count,  and  the 
percent  error  in  a  noise-dominated  regime  as  ^j{b) /{s(k)) , 
where  <b>  is  the  mean  background  count.  For  solar  zenith 
angles  greater  than  about  95°,  the  lidar  return  signal  is  signal- 
dominated.  Due  to  the  greater  transmission  of  the  laser  light 
by  the  combination  of  polarizer  and  broadband  filter  over  the 
Daystar  filter,  the  percent  error  is  smaller  than  that  associated 
with  the  Daystar  filter  during  these  times  at  all  altitudes.  As 
the  solar  background  increases  with  decreasing  solar  zenith 
angle,  the  polarizer  allows  more  background  signal  than  the 
Daystar  and,  thus,  shows  a  much  steeper  slope  with  decreas¬ 
ing  solar  zenith  angle.  At  30  km  altitude,  the  observations 
with  the  Daystar  filter  will  show  better  system  performance 
than  the  observations  with  the  polarizer  for  solar  zenith 
angles  less  than  about  85°.  At  higher  altitudes  we  see  this 
cross-over  occurs  at  even  greater  solar  zenith  angles  (87.5° 
for  40  km,  90.5°  for  50  km,  and  92°  for  60  km)  as  the  back- 
scattered  laser  signal  is  weaker  and,  thus,  influenced  by  the 
increasing  background  at  greater  solar  zenith  angles.  Thus, 
for  signal-dominated  regimes  the  polarizer  provides  optimal 
system  performance  while  for  background-dominated 
regimes  the  Daystar  filter  is  best.  In  practice,  we  use  the 
Daystar  filter  and  the  polarizer  together  to  reap  the  benefits  of 
both  techniques  with  the  signal  requirements  for  the  specific 
experiment  determining  when  to  implement  the  Daystar  filter. 

A  similar  experiment  was  carried  out  on  April  25,  1995  but 
with  the  polarizer  out  of  the  receiver  optical  path,  thus, 
comparing  the  Daystar  filter  performance  with  the  broadband 
10  A  filter.  This  comparison  is  presented  in  Fig.  lb  in  the 
same  format  as  Fig.  la  but  with  the  dotted  line  representing 
the  percent  error  of  the  10  A  filter.  This  plot  reflects  the 
improvements  made  when  using  polarization,  as  the  per¬ 
formance  cross-over  between  the  Daystar  and  broadband 
filter  occur  at  much  greater  solar  zenith  angles  than  those 
illustrated  in  Fig.  la.  The  Daystar  performance  has  basically 
not  changed  between  the  two  experiments  as  can  be  seen  by 
comparing  the  solid  curves  in  Fig.  la,b.  Note  that  the  slope  of 
the  shaded  region  boundary  in  both  plots  is  the  same  but 
shifted  to  greater  zenith  angles  for  the  Fig.  lb  observations. 
Thus,  for  the  same  system  performance,  the  use  of  the 
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polarizer  roughly  extends  the  observations  by  reducing  the 
solar  zenith  angle  by  an  additional  4°. 

For  middle  atmosphere  studies  this  analysis  helps  deter¬ 
mine  the  proper  time  to  position  the  Daystar  filter  to  improve 
system  performance.  For  example,  noctilucent  clouds  are 
unique  to  the  earth’s  polar  regions  and  occur  only  in  the 
summer  months  near  an  altitude  of  about  83  km.  To  detect 
noctilucent  clouds  in  the  backscattered  lidar  signal  it  is 
desirable  to  optimize  system  performance  at  the  50  to  60  km 
altitude  range  as  the  backscattered  signal  from  these  clouds  is 
equivalent  to  Rayleigh  backscatter  in  this  altitude  range  [3]. 
Therefore,  Fig.  la  shows  it  to  be  best  to  insert  the  Daystar 
filter  near  90"^  solar  zenith  angle  or  less  to  provide  better  than 
10%  error  in  the  signal  at  50  km,  while  becoming  less 
accurate  at  lower  altitudes  where  the  loss  can  be  afforded. 


MULTIPLE  ETALON  APPROACH 


Etalons  of  higher  resolving  power  than  currently  employed 
in  our  receiver  can  be  used  to  reject  further  the  continuum 
solar  background  as  the  Doppler-broadened  backscattered 
signal,  transmitted  by  the  injection-seeded  laser  (105  MHz  or 
0.099  pm  line  width),  has  a  linewidth  of  about  2970  MHz  or 
2.8  pm.  Multiple  etalons  are  necessary  to  extend  the  free 
spectral  range  to  the  point  where  interference  filters  can  be 
used  to  reject  the  overlapping  orders  of  the  Fabry-Perot.  It  is 
critical,  however,  to  consider  the  LR  product  of  the  system 
and,  thus,  match  the  etendue  of  the  etalon  of  highest  resolving 
power  with  that  of  the  collecting  telescope.  This  condition 
then  determines  the  resolving  power  limits  for  the  etalon  as 
will  be  shown  by  the  following. 

The  etendue  of  the  telescope  is  given  by 
u,  =  =  A^Tiei  =  Tc^riei 


and  the  etendue  of  the  FP  is  given  by 
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where  6x  is  the  telescope  field  of  view,  and  AX  is  the  limiting 
spectral  resolution  of  the  etalon.  Thus,  the  spectral  resolution 
for  the  etalon  is  defined  as 
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The  telescope  field  of  view  is  related  to  the  beam  divergence 
of  the  laser  which  should  be  minimized  during  high  back¬ 
ground  operations. 


Presently,  the  laser  beam  divergence  of  the  Greenland 
system  is  about  0.1  mrad  and  our  telescope  field  of  view  is 
set  at  0.5  mrad.  Further  background  rejection  can  be  made  if 
the  laser  beam  divergence,  and  therefore  the  telescope  field  of 
view,  was  reduced  even  more.  From  the  above  equation  it  is 
also  clear  that  a  reduction  in  the  telescope  field  of  view 
would  allow  for  an  increase  in  resolution  of  the  etalon 
without  a  loss  in  system  etendue.  For  our  present  lidar  setup 
of  Tj  =  0.457  m,  6x  =  0.5  mrad,  rpp  =  29  x  10'^  m,  X  =  532  x 
10"^  m,  our  limiting  resolution  is  AX  =  0.165  A.  To  approach 
the  linewidth  of  the  backscattered  signal  we  need  to  either 
increase  the  working  area  of  the  etalon  plates  by  a  factor  of  2 
(which  can  get  rather  expensive)  or  decrease  the  laser  beam 
divergence  by  a  factor  of  2.  The  second  option  being  more 
economically  feasible  results  in  0x  =  0.25  mrad  and  the 
limiting  resolution  becomes  AX  =  0.041  A.  For  an  etalon 
finesse  of  near  20,  the  free  spectral  range  for  a  single  etalon 
of  this  resolution  becomes  0.826  A  with  a  gap  spacing  of 
about  d  =  1.14  mm.  Employing  two  etalons  with  a  spacer 
ratio  of  near  one  (a  vernier  ratio)  will  effectively  extend  the 
free  spectral  range  by  approximately  a  factor  of  10  to  8.26  A 
allowing  for  a  broadband  interference  filter  to  suppress  the 
overlapping  orders. 

LIQUID  CRYSTAL  ETALON 

In  constructing  the  double  etalon  system  described  above, 
great  care  must  be  taken  to  ensure  the  two  etalons  are 
properly  configured.  Fine  tuning  of  the  etalons  is  desirable 
during  installation  to  peak  the  overall  performance  of  the 
system.  Fine  adjustments  of  the  etalon  system  has  been  done 
by  a  number  of  techniques  including  pressure  tuning  of  the 
fixed  air  gap  within  the  etalon,  mechanically  changing  the 
distance  between  the  etalon  plates,  or  tilting  of  the  entire 
etalon.  These  techniques  (aside  from  simply  tilting  the  plates) 
often  add  significant  complexity  to  a  multiple  etalon  system. 
A  liquid  crystal  etalon  that  exploits  the  variable  index  of 
refraction  effect  inherent  in  liquid  crystals  simplifies  the 
process  of  fine  tuning  significantly  and  provides  a  stable, 
rugged,  flexible,  and  compact  device  for  implementation  into 
lidar  receivers.  Birefringent  liquid  crystals  exhibit  an  index  of 
refraction  that  depends  on  the  polarization  parameters  of  the 
incident  light.  Liquid  crystals  will  transmit  either  left-  or 
right-handed  polarization,  depending  on  the  helical  ordering 
of  the  crystals,  and  will  reflect  the  opposite  polarization. 
Applying  an  electric  field  parallel  to  the  optical  axis  causes 
the  crystals  to  rotate  in  the  plane  perpendicular  to  the  electric 
field.  This  rotation  changes  the  index  of  refraction  of  the 
crystal  by  changing  the  position  of  the  crystal  relative  to  the 
optical  axis  [4].  Employing  this  process  within  the  fixed  gap 
of  the  etalon  allows  for  the  FP  to  be  tuned  easily,  quickly,  and 
repeatably  during  lidar  applications.  Recent  advances  in 
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polymer  technology  have  allowed  the  construction  of  multi¬ 
stage,  polarization-based,  broadband  tunable  filters.  The  tech¬ 
nology  used  to  construct  these  filters  is  identical  to  the 
technology  needed  to  produce  a  liquid  crystal  etalon.  A 
double  etalon  system  based  on  liquid  crystal  technology  is 
under  development  and  should  be  available  for  1997  summer 
operations  in  Greenland. 

CONCLUSION 

We  have  demonstrated  the  use  of  polarization  and  narrow - 
band  filtering  techniques  for  improving  Rayleigh  lidar 
observations  during  summertime  conditions  in  the  arctic.  We 
have  also  discussed  issues  related  to  employing  high- 
resolution  etalons  within  a  lidar  receiver  system  and  present 
information  concerning  the  development  of  a  unique  liquid 
crystal  etalon  system  to  improve  further  the  daytime  opera¬ 
tions  of  the  Rayleigh  lidar.  These  improvements  will  signifi¬ 
cantly  benefit  middle  atmosphere  research  in  the  arctic,  in 
particular,  the  study  of  noctilucent  clouds. 
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Abstract  —  We  describe  a  high  performance  Raman  lidar 
system  capable  of  both  nighttime  and  daytime  operation. 
The  key  elements  of  this  system  are  a  narrow-band,  dual 
field-of-view  detection  system,  fast  photon  counters  and  a 
high  average  power  excimer  laser.  This  system  has  been 
used  to  measure  daytime  water  vapor  profiles  up  to  5  km 
with  high  spatial  (75-150  m)  and  high  temporal  (10  min) 
resolution.  In  this  paper,  we  discuss  this  system  and  a 
novel  method  for  calibration. 

INTRODUCTION 

One  of  the  most  important  atmospheric  constituents 
needed  for  climate  and  meteorological  studies  is  water 
vapor.  Water  vapor  plays  an  important  role  in  driving 
atmospheric  circulations  through  latent  heat  release  and  in 
determining  the  earth’s  radiation  budget,  both  through  its 
radiative  effects  (water  vapor  is  the  major  greenhouse  gas) 
and  cloud  formation.  The  vertical  distribution  of  water 
vapor  is  particularly  important  because  it  not  only 
determines  convective  stability  but  radiative  effects  are 
also  strongly  altitude  dependent.  It  is  highly  variable, 
both  spatially  and  temporally  and  is  one  of  the  most 
uncertain  parameters  in  GCM's  (General  Circulation 
Models).  Therefore,  knowledge  of  the  vertical  and 
temporal  variations  of  water  vapor  are  essential  for 
understanding  atmospheric  processes. 

A  powerful,  proven  technique  for  the  measurement  of 
water  vapor  in  clear  skies  or  up  the  lowest  cloud  level  is 
Raman  lidar  [1,2].  Raman  lidar  operates  by  sending  out  a 
pulse  of  laser  light  and  recording  both  the  elastically 
(Rayleigh  and  aerosol)  and  inelastically  (Raman) 
backscattered  radiation  due  to  water  vapor  and  nitrogen. 
The  water  vapor  profile  is  obtained  by  ratioing  the  water 
vapor  signal  with  the  nitrogen  signd.  This  eliminates 
effects  due  to  laser  pulse  energy  fluctuations  and  overlap 
between  the  laser  beam  and  telescope  field-of-view  (fov). 
This  ratio  is  then  normalized  to  a  radiosonde.  Unlike 
DIAL  (Differential  Absorption  Lidar)  which  requires  a 
laser  precisely  tuned  to  a  water  vapor  absorption  feature, 
Raman  lidar  is  a  non-resonant  technique  which  relaxes 
constraints  on  the  laser  and  reduces  complexity.  Raman 
lidar  is  a  high  performance,  robust  technique  for  the 
measurement  of  nighttime  water  vapor  profiles. 

This  research  was  supported  by  the  Environmental  Sciences 
Division  of  the  U.  S.  Department  of  Energy  as  part  of  the 
Atmospheric  Radiation  Measurement  (ARM)  Program. 


Whiteman  et  al  [2]  have  developed  a  Raman  lidar  system 
to  measure  sustained  nighttime  water  vapor  profiles  with 
high  accuracy  (>90%)  at  altitudes  up  to  9  km,  which 
encompasses  most  of  the  earth’s  water  vapor.  Integration 
times  were  1  minute  with  75  m  vertical  resolution. 
While  the  nighttime  capabilities  of  Raman  lidar  are  well 
established  the  daytime  capabilities  are  not.  The  need  for  a 
continuous  data  record  and  the  influence  of  solar  radiative 
forcing  provide  strong  motivation  for  similar  daytime 
capabilities.  Daytime  measurements  however,  are  limited 
by  the  difficulty  of  detecting  the  weak  backscattered 
Raman  signal  against  the  large  solar  background.  At 
Sandia,  we  have  developed  a  high  performance,  narrow- 
band,  narrow  fov  Raman  lidar  system  capable  of  both 
day/night  operation.  The  key  features  of  this  system  are 
its  dual  fov  capability  and  narrow-band,  high  transmission 
UV  interference  filter  system.  Recent  measurements  with 
this  system  indicate  that  daytime  measurements  up  to  5 
km  with  75  m  range  resolution  and  a  few  minutes 
integration  time  are  possible. 

DAYTIME  ISSUES 

The  central  problem  in  the  development  of  a  daytime 
capable  Raman  lidar  is  the  detection  of  the  weak 
backscattered  Raman  signal  against  the  large  solar 
background.  This  problem  has  been  partially  overcome  by 
operating  in  the  solar  blind  region  of  the  spectrum 
(wavelengths  less  than  about  290  nm)  [3,4].  In  this  region 
the  sky  is  effectively  black  due  to  absorption  of  sun  light 
by  tropospheric  and  stratospheric  ozone.  Unfortunately 
tropospheric  ozone  also  significantly  attenuates  the  laser 
beam.  In  an  alternate  approach,  the  background  skylight 
reaching  the  detector  is  reduced  by  using  a  narrow  fov 
receiver  and  narrow-band  detection.  Ansmann  et  al  [5] 
have  used  this  approach  and  have  obtained  daytime  water 
vapor  profiles  up  to  2.5  km.  Integration  times  were 
approximately  15  min  with  180  m  range  resolution.  By 
reducing  the  receiver  fov  the  number  of  detected 
background  sky  photons  can  be  reduced.  Unfortunately, 
this  increases  the  altitude  at  which  the  receiver  fov  and 
laser  beam  overlap.  A  solution  to  this  problem  is  to  use  a 
dual  fov  detection  system.  In  a  dual  fov  system,  the  weak 
high  altitude  signals  are  directed  through  a  narrow  field 
stop  (which  reduces  background  light)  whereas  the  low 
altitude  signals  pass  through  a  separate  wide  field  stop. 
Since  the  low  altitude  signals  are  much  stronger,  the 
increased  background  light  associated  with  the  wider  fov  is 
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not  a  problem.  The  receiver  fov  must  not  be  narrower 
than  the  laser  beam  divergence  otherwise  signal  will  be 
lost  at  high  altitudes.  The  number  of  detected  background 
sky  photons  can  be  reduced  further  by  using  narrow 
bandwidth  detection.  For  optimum  efficiency,  this 
requires  a  laser  with  a  bandwidth  substantially  narrower 
than  the  water  vapor  Raman  linewidth.  The  narrow-band, 
narrow  fov  approach  is  particularly  attractive  as  it  is  easy 
to  switch  from  nighttime  to  daytime  operation  simply  by 
reducing  the  receiver  fov  and  changing  the  receiver  filters 
from  wide-band  (1-3  nm)  to  narrow -band  (.3-1  nm). 
Furthermore,  it  is  possible  in  principle  to  use  the 
background  skylight  to  calibrate  the  lidar.  By  ratioing  the 
background  signals  in  the  nitrogen  and  water  vapor 
channels  an  absolute  calibration  may  be  obtained.  In  the 
solar-blind  approach,  it  is  desirable  to  change  the 
wavelength  of  the  laser  to  achieve  optimum  nighttime 
performance.  In  practice  this  may  be  difficult. 

Another  issue  which  needs  to  be  considered  is  the 
repetition  rate  of  the  laser.  For  nighttime  operation  the 
performance  is  roughly  independent  of  the  repetition  rate. 
In  the  daytime  however,  with  a  constant  average  power, 
the  performance  is  strongly  dependent  on  the  laser 
repetition  rate.  For  maximum  daytime  performance  it  is 
desirable  to  have  a  high  pulse  energy,  low  rep-rate  laser. 
The  reason  for  this  is  simple:  as  the  laser  energy  is 
increased  and  the  rep-rate  lowered,  more  laser  photons  are 
detected  in  a  shorter  time  thus  reducing  the  observation 
time  and  hence  the  integrated  background  signal. 

INSTRUMENT 

Fig.  1  shows  a  schematic  of  the  Sandia  lidar  system. 
The  transmitter  is  based  around  a  Lambda  Physik  LPX 


150T  injection-locked,  tunable  XeCl  laser  operating  at 
308  nm.  Injection  locking  was  beneficial  for  reducing  the 
beam  divergence  and  the  linewidth  of  the  laser  beam.  The 
output  from  this  laser  was  further  amplified  by  a  single¬ 
pass  Lambda  Physik  LPX-220  XeCl  amplifier  producing 
outputs  up  to  250  mJ  @  200  Hz.  Much  higher  outputs 
were  possible  but  with  reduced  gas  lifetime  and  the 
possibility  of  optical  damage.  The  receiver  is  a  .76m  f  4.5 
Dall-Kirkham  telescope  with  an  fov  that  can  be  reduced  to 
.2  mr,  which  is  comparable  to  the  laser  beam  divergence. 
The  detection  system  consists  of  wide  and  narrow  fov 
portions  with  3  channels  each.  Three  species  (N2  @331 
nm,  H2O  @  347  nm,  and  aerosols  @  308  nm)  are  detected. 
A  beamsplitter,  mounted  at  45*^  with  respect  to  the 
optical  axis  of  the  telescope,  splits  off  about  5%  of  the 
received  signal  into  the  wide  fov  channels  with  the 
transmitted  portion  (95%)  into  the  narrow  fov.  This 
configuration  provides  maximum  range  coverage  and 
increased  dynamic  range.  At  high  altitudes,  where  the 
signals  are  weak,  the  field  stop  reduces  the  number  of 
detected  background  sky  photons  but  does  not  reduce  the 
strength  of  the  high  altitude  backscattered  Raman  signal. 

Photon  counting  is  used  for  all  of  the  high  altitude 
channels  whereas  analog  detection  is  used  for  all  of  the 
low  altitude  channels.  Unfortunately  the  photon  counters 
could  not  respond  to  the  high  background  count  rates 
(~  80  MHz)  so  neutral  density  filters  were  used  to  reduce 
the  background  sky  light  to  more  manageable  count  rates 
(~  8  MHz). 

High  transmis^-on  (35%),  high  background  rejection, 
narrow-band  (.35  n.n)  UV  interference  filters  are  used  to 
separate  the  different  Raman  components.  Traditionally, 
polychromators  have  been  used  for  this  purpose  since  the 
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Figure  1.  Schematic  of  the  narrow  band,  narrow  field-of-view  Raman  lidar  system. 
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Fig.  2.  Comparison  of  a  daytime  Raman  lidar  measurement  with  a  coincident  radiosonde.  The  error  bars 
on  the  lidar  data  indicate  statistical  error  only.  This  data  was  acquired  with  the  Sandia  Raman  lidar  at  the  US 
Department  of  Energy’s  Cloud  and  Radiation  Testbed  (CART)  site  in  north  central  Oklahoma. 


bandwidth  can  be  made  quite  narrow.  Unfortunately,  the 
throughput  is  typically  low  (5%)  and  the  complexity  is 
high.  Narrow-band,  UV  interference  filters  of  the  type 
described  here  have  not  been  commercially  available  until 
recently. 

RESULTS 

Fig.  2  shows  a  daytime  water  vapor  profile  obtained 
with  an  integration  time  of  10  minutes  and  75  m  range 
resolution.  This  profile  was  constructed  from  the  high 
altitude  photon  counting  data  only.  A  coincident 
radiosonde  profile  is  overlaid  for  comparison.  From  this 
comparison,  it  was  evident  that  the  maximum  daytime 
range  was  around  4-5  km,  but  higher  ranges  may  be 
possible  depending  on  sun  light  levels  and  water  vapor 
concentrations.  There  was  some  disagreement  at  low 
altitudes  due  to  the  fact  that  only  the  high  altitude  data 
was  used  for  the  daytime  measurements.  This  data  was 
acquired  with  the  signals  attenuated  by  a  factor  of  10  to 
avoid  high  background  sky  photon  count  rates.  We  have 
recently  installed  faster  photon  counters  (150  MHz) 
which  should  significantly  improve  the  daytime 
performance.  The  performance  above  5  km  has  yet  to  be 
determined  due  to  the  lack  of  sufficient  moisture 
conditions. 
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Abstract  -  This  paper  describes  a  high  spectral  resolution 
lidar  technique  which  can  be  used  to  make  Doppler  wind 
field  measurements  using  low-coherence  lidar  during  the 
day.  In  particular  the  use  of  multiple  Fabiy-Perot  dtalons 
and  narrowband  interference  filters  in  series  are  considered 
and  measurements  made  using  the  technique  are  presented. 

INTRODUCTION 

Atmospheric  lidar  systems  offer  the  power  to  make  a 
wide  variety  of  unique  profiling  measurements  but  suffer 
fi-om  limitations  in  the  areas  of  clouds,  daytime  operation, 
and  long-term  unattended  operation.  This  paper  describes  a 
high  spectral  resolution  lidar  technique  which  can  be  used  to 
make  Doppler  wind  field  measurements  using  low-coherence 
lidar  during  the  day  and  night. 

In  particular  the  use  of  multiple  Fabry-Perot  ^talons  and 
narrowband  interference  filters  in  series  to  attenuate 
background  daylight  signal  is  considered.  This  combination 
provides  the  high  spectral  resolution  needed  to  determine 
Doppler  shift  and  also  attenuate  the  background  daylight 
signal.  Measurements  can  be  made  with  this  technique 
using  either  aerosol  or  molecular  scattered  signal  allowing 
measurements  to  be  made  fix>m  the  surface  to  the  maximum 
altitude  allowed  by  available  signal  without  breaks  due  to 
presence  or  lack  of  aerosols.  The  technique  has  been 
demonstrated  in  the  visible  and  can  also  be  us«i  in  the  near¬ 
ultraviolet  portion  of  the  spectrum. 

The  use  of  a  low-coherence  (non-hetero<fyne) 
measmement  allows  signal  to  be  integrated  over  any  desired 
period  before  a  Doppler  determination  is  made  and  allows 
the  use  of  multiple  detection  apertures,  both  distinct 
advantages  in  considering  space-based  lidar  measurements. 
This  offers  distinct  advantages  over  a  coherent  hetero^e 
measurement  in  terms  of  the  effect  of  laser  speckle  which 
fundamentally  limits  the  lower  end  of  measurement 
sensitivity  for  heterodyne  detection  lidars.  Daytime  wind 
data  collected  using  the  University  of  Michigan  Doppler 
lidar  will  be  presented  and  discussed. 

LOW-COHERENCE  DAYTIME  DOPPLER  LIDAR 
TECHNIQUE 

Ground  based  low  coherence  lidar  systems  working  in 
the  yellow-green  wavelength  (0.5  pm)  region  have 


demonstrated  the  capability  to  measure  vector  wind  with  an 
accuracy  of  approximately  1  m/s  [1-4].  This  technique  of 
determining  wind  velocity  relies  on  detecting  the  Doppler 
shift  experienced  by  a  pulse  of  narrow  band  laser  light  as  it 
is  scattered  by  the  atmosphere.  The  detection  is  done  using 
an  incoherent  interferometric  determination  of  the  laser 
wavelength  before  and  after  scattering. 

The  incoherent  lidar  technique  described  here  makes  use 
of  a  Fabry-Perot  interferometer  as  a  high  resolution  element, 
capable  of  detecting  Doppler  shifts  of  the  backscattered 
signal  of  the  order  of  SxlO"*  mn.  Laser  light  scattered  1^  the 
atmosphere  is  gathered  by  a  telescope  and  collimated  before 
passing  through  an  dtalon.  The  Fabiy-Perot  interference 
pattern  (set  of  concentric  rings)  appears  at  the  infinity  focus 
of  the  interferometer  objective  lens,  where  a  detector  system 
is  placed.  A  spatial  scan  of  one  order  of  the  interferometer 
in  the  image  plane  provides  the  line  shape  of  the 
backscattered  laser  signd.  It  is  from  this  line  shape  that 
Doppler  shift  information  is  obtained. 

To  attenuate  the  high  background  daylight  signal  in  this 
portion  of  the  spectrum,  a  second  Fabry-Perot  6talon  and  a 
narrowband  interference  filter  have  been  added.  To 
illustrate  the  effect  of  adding  the  second  (low)  resolution 
dtalon  and  the  narrowband  filter.  Fig.  1  shows  a  wavelength 
scan  of  fringes  produced  by  the  high  resolution  dtalon  with 
and  without  the  low-resolution  dtalon  and  narrowband  filter. 
Fig.  1  a)  plots  transmission  versus  wavelength  of  the  high 
resolution  ^talon  for  +/-  0.05  nm  centered  at  the  laser 
frequency  (~75  orders).  Fig.  1  b)  shows  the  response  over 
the  same  spectral  range  for  the  low  resolution  dtalon  and  the 
narrowband  filter.  Fig.  1  c)  shows  the  effect  of  combining 
all  three  elements  in  series.  Note  that  most  of  the  extra 
orders  from  the  high  resolution  6talon  are  strongly 
attenuated.  This  trend  continues  to  orders  outside  of  those 
displayed  in  Fig.  1. 

DOPPLER  LIDAR  SYSTEM  DESCRIPTION 

The  University  of  Michigan  has  constructed  a  lidar 
system  which  uses  the  technique  described  above  to  measure 
horizontal  winds.  The  lidar  system  uses  a  Nd:YAG  laser 
source  frequency-doubled  to  operate  at  532  nm.  The  core  of 
the  receiving  system  is  a  Fabiy-Perot  interferometer  and 
matching  detector  as  described  above.  An  overview 
schematic  of  the  system  is  shown  in  Fig.  2. 
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Figure  1  a)  Normalized  transmission  vs.  wavelength  plot 
of  the  high  resolution  dtalon  for  +/-  0.1  nm  centered  at 
the  laser  frequency  (150  orders),  b)  Response  over  the 
same  spectral  range  for  the  low  resolution  dtalon  (solid 
dtalon)  and  the  narrowband  filter  (dashed  line) 
individually,  c)  Spectral  response  of  ^stem  with  all 
three  elements  combined  in  series. 

A  special  detector  is  necessary  in  order  to  spatially  scan 
the  interferometer’s  image  plane  due  to  the  circular  nature  of 
the  pattern.  The  ring  pattern  fiom  the  high  resolution  Fabry- 
Perot  ^talon  is  projected  a  telephoto  lens  pair  onto  a 
thirty-two  channel  image  plane  detector  (IPD).  The  IPD  is  a 
micro-channel  plate  photo-multiplier  tube  and  provides  a 
gain  of  ~10*.  It  is  similar  to  the  type  used  on  the  Fabiy-Perot 
Interferometer  instrument  flown  on  the  Dynamics  Explorer 
satellite  [5]  and  the  High  Resolution  Doppler  Imager 
instrument  on  the  Upper  Atmosphere  Research  Satellite. 

The  IPD  has  thirty-two  concentric  annular  anodes,  each 
anode  having  equal  surface  area.  This  is  done  to  spatially 


match  the  interference  pattern  of  the  Fabiy-Perot 
interferometer  which  allows  the  IPD  to  efiect  a  spatial  scan 
which  is  linear  in  wavelength.  During  Uie  initial 
measurement  demonstrations,  only  the  inner  twelve  anodes 
were  used.  A  more  thorough  description  of  the  detector  and 
its  capabilities  can  be  found  in  [6].  This  type  of  detector  was 
used  to  demonstrate  the  low-coherence  Doppler  lidar 
technique  and  for  early  field  measurements.  The  detector  is 
currently  in  the  process  of  being  upgraded  to  a  CCD  array. 

The  return-signal  spectra  are  scanned  linearly  in 
wavelength  Ity  the  detector.  The  resulting  output  are  the 
iq)ectra  sampled  in  wavelength  at  twelve  equity  spaced 
points.  This  is  the  form  of  the  raw  instrument  data  tefore 
any  type  of  processing  is  done.  To  illustrate  how  the  tystem 
measures  &X,  two  modeled  spectra  are  shown  in  Fig.  3  a)  a 
laser  reference  spectra  centered  exactly  in  channel  (anode)  6 
and  another  shifted  by  +3.5  m/s  towards  channel  7  (wind 
going  away  from  observer).  As  a  spectrum  shifts  in 
wavelength,  the  number  of  counts  in  each  channel  changes 
relative  to  the  unshifted  reference  spectrum.  Fig.  3  b)  shows 
the  change  in  counts  for  each  channel  relative  to  the 
reference  for  the  +3.5  m/s  shift.  Measuring  the  change  in 
photon  counts  in  each  channel  relative  to  the  unshifted 
reference  allows  measurement  of  shifts  of  much  less  than  one 
chaimel  width. 


DEMONSTRATION  DATA 

Fig.  4  shows  a  time-series  map  of  the  horizontal  wind 
field  during  the  night  and  day  of  August  19,  1992  over 
Atlanta,  Georgia.  Each  arrow  corresponds  to  the  horizontal 
wind  speed  and  direction  at  a  given  altitude  and  time.  The 
length  of  each  arrow  is  proportional  to  the  horizontal  wind 
speed  and  its  direction  indicates  the  compass  direction  in 
which  the  wind  was  blowing  with  north  along  the  positive 


Figure  2.  Schematic  of  daytime  Doppler  lidar  optical 
components,  including  laser. 
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y-axis  and  east  along  the  positive  x-axis.  A  5  m/s  (~11 
miles/hour)  indicator  arrow  is  shown  at  the  lower  left  for 
scale.  Winds  have  been  smoothed  using  a  running  average 
of  three  consecutive  data  points  to  remove  high  frequency 
variability  in  the  data. 

Wind  flow  aloft  overnight  was  generally  from  the  west- 
southwest.  Eiuring  the  night,  the  flow  above  and  below  the 
nocturnal  inversion  at  ~300  m  is  largely  de-coupled  with 
stronger  stea<fy  winds  above  and  lighter  more  variable  winds 
below.  Between  0200  and  0930  EDT,  a  possible  example  of 
a  Ekman  spiral  can  be  seen  1^  noting  the  change  in  wind 
direction  from  southeast  (near  the  surface)  to  southwest  (at 
approximately  500  m).  This  rotation  of  the  wind  vector  is  a 
well  known  meteorological  phenomenon  caused  by  ground 
friction  slowing  the  near  surface  flow  and  reducing  the 
turning  effect  of  the  Coriolis  force.  Winds  aloft  are  not 
exposed  to  surface  drag  and  flow  is  in  the  expected 
geostrophic  direction.  Winds  after  0800  EDT  were  observed 
to  be  lighter  and  more  variable,  typical  of  days  in  the  Atlanta 
area. 
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Figure  3  a)  Modeled  reference  spectra  centered  in  channel  6 
with  modeled  signal  spectra  shifted  +3.5  m/s  (i.e.  -  wind 
going  away  from  observer),  b)  Change  in  counts  on 
each  chaimel  for  a  +3.5  m/s  Doppler  shift. 


Figure  4  Horizontal  wind  field  map  over  Atlanta,  Georgia 
for  August  19, 1992 
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Abstract  -  Field  tests  were  conducted  with  two  identical 
infrared  differential  absorption  lidars  for  the  remote 
measurement  of  low  concentrations  of  gases  in  the  atmosphere. 
An  FTIR  spectrometer  was  also  used  to  provide  quantitative 
calibration  of  the  systems  with  each  other  and  with  the  FTIR. 
Statistical  analyses  of  the  lidar  signals  were  used  to  determine 
the  sensitivity  limits  for  range  and  minimum  detectable  path- 
integrated  concentration. 

1.  Introduction 

Infrared  differential  absorption  lidar  (IR  DIAL)  techniques 
allow  remote  sensing  of  low  concentrations  of  gases  in  the 
atmosphere  from  distances  up  to  several  kilometers.  The 
nature  of  the  measurement  technique,  namely  the  propagation 
of  the  laser  beams  through  uncontrolled  time-varying 
atmospheric  paths  and  topographic  backscatterers,  makes 
calibration  of  these  optical  remote  sensing  devices  difficult. 
Field  tests  were  carried  out  with  two  nearly  identical  coherent 
C 02-laser  based  DIAL  systems  with  nearly  coincident  beam 
paths  to  prove  data  validation  for  rapidly  fluctuating  gas 
concentrations.  A  commercially  available  fourier  transform 
infrared  (FTIR)  spectrometer,  manufacturered  by  ETG  Inc, 
measuring  along  the  lidar  beams  was  used  for  quantitative 
calibration  of  the  systems.  Statistical  analysis  of  the  time 
fluctuating  lidar  signals  was  used  to  determine  the 
demonstrated  sensitivity  limits  (range  and  minimum  detectable 
path- integrated  concentrations)  for  the  DIAL  systems. 

2.  The  lidar  systems 

The  differential  absorption  lidar  techniques  allows  laser 
remote  sensing  systems  to  be  designed  for  the  remote  sensing 
of  atmospheric  trace  gases*  Due  to  the  spectral  coincidence 
and  tunability  of  the  CO2  laser^  and  the  characteristic 
absorption  spectrum  of  numerous  volatile  organic  compounds 
(VOCs),  chlorinated  hydrocarbons,  and  hazardous  air  pollutant 
(HAP)  molecules^  a  tunable  CO2  laser  is  a  superior  light 
source  for  infrared  differential  absorption  lidar  measurements. 
When  the  volume  of  space  undergoing  measurement  is  trans- 
illuminated  with  two  co-linear  laser  beams  with  wavelengths 

and  k2  corresponding  to  different  absorption  cross  sections 


a(Ai)  and  a(A<2)  of  the  molecule  of  interest,  and  when  the  ratio 
of  the  intensities  I(A-i)  and  I(A.2)  of  the  beams  that  have  traveled 
across  the  space  of  concern  is  measured,  then  according  to  the 
Lambert-Beer  law,  the  path-integrated  concentration  (CL)  of 
the  contaminant  for  a  coherent  DIAL  system  is  given  by  : 

-  1 


The  main  goal  of  this  project  was  to  design  a  relatively  small 
system  with  low  power  consumption  and  simple  layout  as  well 
as  rugged  construction  and  reliable  field  operation.  These  goals 
were  achieved  by  using  an  enhanced  optical  heterodyne 
detection  scheme  based  on  an  autodyne  arrangement  that  makes 
the  sensing  of  extremely  low  level  backscattered  light 
intensities  (<10'*®  W)  possible.  Optical  heterodyne  detection  is 
based  on  interferometric  mixing  of  the  weak  signal  beam  to  the 
detected  with  a  frequency-offset  local  oscillator  beam  on  the 
surface  of  the  detector.  It  can  be  shown  that,  in  principle,  ideal 
(quantum  limited)  detection  can  be  achieved;  however,  it 
generally  requires  complex  optoelectronic  system  with 
rigorous  mechanical  tolerances. 

Extreme  simplicity,  self-alignment  and  the  same  sensitivity 
can  be  achieved  when  the  signal  beam  is  reinjected  into  the 
operating  laser  (with  frequency  shift),  sometimes  called 
autodyne  detection.  The  systems  used  this  autodyne 
arrangement^.  See  Figure  1.  However  it  was  observed  that 
performance  of  the  system  was  greatly  influenced  by  the 
properties  of  the  CO2  laser  sources  used,  as  discussed  in  a 
previous  paper^.  In  the  LRS-3  system,  a  saw-tooth  voltage 
signal  drives  a  piezoelectric  transducer  (PZT)  located  at  the  end 
of  each  CO2  laser,  to  physically  change  the  cavity  length  of  the 
laser.  The  linear  modulation  of  the  laser  cavity  by  the  PZT 
provides  a  frequency  modulation  (FM)  of  1 00  kHz  or  greater  of 
the  output  wavelength  of  the  laser  and  thereby  produces  the 
frequency  shift  needed  for  heterodyne  detection.  The 
backscattered  signal  returns  to  the  laser  cavity  with  a  frequency 
that  is  dependent  on  the  time  of  flight  to  the  topographic  or 
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backscattered  signals  are  amplified  in  the  laser  cavity  and 
mixed  with  the  local  oscillator  to  produce  a  high  frequency  beat 
signal  which  is  the  signal  of  interest.  In  the  VTB-2  system  a 
moving  target  provides  the  frequency  shift  needed  for 
heterodyne  detection.  The  output  beams  are  chopped  with  a 
common  chopper  wheel,  but  transmit  at  different  time  intervals. 
Fractions  of  both  beams  are  directed  by  a  beamsplitter  through 
filters  and  onto  the  only  detector  in  the  system.  These  fractions 
are  the  local  oscillator  beams  of  the  two  channels.  The 
remaining  portion  of  the  beams  is  transmitted  through  a 
common  transmitter/receiver  telescope. 

This  common  beam  path  between  the  local  oscillator  signal 
and  the  returning  backscatter  signal  maintains  a  self-adjusted 
coherent  relationship  between  the  beams.  This  self-adjusting 
relationship  is  important  because  it  minimizes  misalignment 
and  vibration  effects,  making  the  system  more  robust.  The 
photocurrent  produced  by  the  detector  contains  both  low  and 
high  frequency  components.  The  low  frequency  signals  are  at 
the  chopping  frequency,  while  the  high  frequency  signals  are  at 
the  heterodyne  frequency.  The  local  oscillator  signals  and  the 
heterodyne  signals  are  processed  by  four  voltage-to- frequency 
converters  which  are  in  turn  counted  by  a  laptop  personal 
computer.  The  extreme  sensitivity  of  the  system^^^  allows  for 
the  use  of  low  power  (few  Watts  CW)  lasers.  These  lasers  are 
tuned  to  the  absorption  maximum  and  minimum  of  the 
molecular  component  to  be  detected.  The  lasers  are  grating 
tuned  (line  selection)  and  the  cavity  length  is  trimmed  to  give 
maximum  output  power  by  a  piezoelectric  actuator.  Absorption 
peaks  of  pollutant  compounds  in  the  air  are  typically  0.01  -  0.05 
|im  wide  (full  width  half  maximum  (FWHM))^^^  so  an 
appropriate  laser  line  pair  must  be  selected  for  each  compound 
to  be  detected.  The  telescope  shines  the  beams  on  remote 
topographic  surfaces  and  collects  the  backscattered  light  for 
reinjection  into  the  lasers.  The  modulated  light  reaches  the 
detector,  providing  four  electronically  separable  signals:  the 
high  frequency  heterodyne  signals  Si  and  S2,  and  Lj  and  L2used 
for  normalization.  Minimum  integration  time  is  one  second. 
The  path-integrated  concentration  is  calculated  according  to  the 
following  equation: 

CL  =  - - In-^ 

o(A,)-a(A,) 


3.  Data  Validation  and  Calibration 

Propagation  of  the  laser  beams  in  the  lidar  backscatter  mode 
is  influenced  by  several  uncontrollable^’^  factors  like  absorption 
along  the  beam  path,  scattering  along  the  beam  path,  nature  of 
topographic  backscatter,  and  fluctuation  of  the  refractive  index 
of  the  air  which  can  influence  the  results  of  the  measurements. 


In  addition,  these  properties  of  the  propagation  path  can  vary  in 
space  and  time  that  may  cause  uncontrollable  variation  of  the 
measured  signal. 

To  study  the  uncontrollable  variations  influencing  long  path 
lidar  measurements  two  similar  lidar  systems  were  used  along 
optical  paths  very  close  to  one  another  (maximum  distance  4  m 
at  the  source)  using  the  same  target.  Lidar-target  distances  were 
about  400  m,  a  styrofoam  target  simulated  the  topographic 
backscatter.  Ethanol  was  released  by  a  spray  compressor  at  a 
distance  of  about  300  m  from  the  lidars  for  two  minutes.  A 
cross-wind  of  about  1  m/s  transported  the  cloud  across  the 
beams  between  the  lidars  and  the  target.  Measurement  laser 
lines  were  -  9.6767  pm  =  9P34  and  k^^  =  9.6392  pm  = 
9P30,  where  the  differential  absorption  cross  section^^^  is  Itf 
atm‘'m'’.  Temporal  variation  of  the  two  signals  were  observed 
while  an  absorbing  gas  was  introduced  into  the  beam  paths. 
Figure  2  shows  the  path- integrated  concentration  as  a  function 
of  time  measured  by  LRS-3  and  VTB-2,  with  integration  times 
of  10  seconds.  The  extremely  good  correlation  between  the 
temporal  variation  of  the  two  lidar  signals  show  that  the 
concentration  fluctuations  were  real.  This  allows  application  of 
these  types  of  lidar  systems  for  the  study  of  transport  of  gases 
in  the  atmosphere  with  high  temporal  resolution.  It  is  very 
difficult  to  calibrate  lidar  systems  with  field  conditions.  Point 
measurements  with  sampling  and  further  laboratory  analysis  are 
inaccurate  and  cumbersome.  Field  instruments  based  on  gas 
chromatography  or  spectrophotometry  are  available  for  in  situ 
measurements.  However  none  of  these  measurements 
compares  to  the  instantaneous  response  of  lidar  systems  not  to 
mention  that  it  is  impossible  to  gain  information  along  extended 
paths  or  volumes.  Optical  remote  sensors  based  on  Fourier 
transform  infrared  (FTIR)  spectroscopy’  are  the  best 
alternatives  that  can  achieve  1-200  meter  range  with 
retroreflector.  However  these  cannot  cover  the  full  operating 
range  of  the  lidars  that  can  reach  several  kilometers,  and  require 
long  integration  and  processing  times.  Figure  3  shows  data  on 
simultaneous  measurement  of  C2H4  release  with  the  lidar  and 
an  MDA  FTIR  spectrometer.  The  spectrometer  was 
approximately  150  m  from  the  retroreflector.  Eight  scans  were 
averaged  for  each  data  point.  Peak  concentrations  measured 
were  similar,  however  it  is  apparent  that  the  information  of  the 
temporal  variation  of  the  concentration  measured  by  the  lidar  is 
much  more  detailed. 

Table  1  presents  some  of  the  results  from  the  field 
measurement  program. 

4.  Experimental  Sensitivity  analysis 

Sensitivity  was  analyzed  in  terms  of  measurement  conditions 
(range,  reflection  coefficient,  integration  time)  and  minimum 
detectable  concentration.  Sensitivity  of  the  measurements  is 
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(range,  reflection  coefficient,  integration  time)  and  minimum 
detectable  concentration.  Sensitivity  of  the  measurements  is 
demonstrated  on  the  basis  of  a  30  minute  time  window  of  the 
heterodyne  signal  on  one  of  the  measurement  channels.  During 
this  time  period  the  output  of  the  lidar  was  covered  for  several 
intervals  to  measure  the  noise  level  of  the  heterodyne  signal 
(system  noise).  This  test  was  carried  out  from  range  of  800  m 
using  an  artificial  (styrofoam)  backscattering  target  and  one 
second  integration  time.  Phe/N«50  was  measured.  This  allows 
evaluation  of  the  limits  over  which  the  system  can  operate. 
Namely,  the  range  is  limited  directly  by  the  signal/system  noise 
ratio.  The  advantage  of  the  heterodyne  detection  is  that  the 
heterodyne  signal  is  proportional  to  the  square  root  of  the 
received  light  intensity,  therefore  the  external  parameters  only 
modestly  influence  the  performance  of  the  system.  For 
example,  using  topographic  backscattering  one  can  assume  for 
the  backscattering  coefficient  of  typical  topographic  targets 
Ptopogr3phic^0-04p3ty^foain,  -(Phe/N)^  10  for  range  of  800  m  with 
one  second  integration  time. 

5.  CONCLUSIONS 

It  was  shown  by  field  experiments  that  coherent  infrared 
differential  absorption  lidars  can  be  used  as  remote  sensors  for 
broad  range  of  atmospheric  gases.  Due  to  their  fast  response 
they  are  ideal  to  detect  rapid  changes  over  large  ranges. 
Measurement  parameters  can  be  optimized  for  various  gases 
and  measurement  conditions  to  achieve  maximum  performance. 
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Figure  3.  Comparison  of  CL  VS  time  for  Lidar  and  FTIR 
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ABSTRACT 

In  this  paper,  we  present  a  task-specific  segmentation 
method  that  incorporates  semantic  knowledge  into  data- 
driven  segmentation  process  through  different  region  merge 
scores.  Starting  from  a  simple  region  growing  algorithm 
which  results  in  over-segmented  regions,  we  apply  region 
merging  method  designed  specifically  for  each  task  such 
as  road  extraction  or  vegetation  area  identification.  Fur¬ 
ther,  edge  information  is  integrated  to  verify  and  correct 
region  boundaries.  The  experimental  results  show  that 
this  method  can  reliably  extract  areas  of  interest  such  as 
roads  and  vegetation  areas  in  Landsat  images. 


I.  INTRODUCTION 

Automatic  segmentation  of  aerial  photographs  is  a  key 
step  in  remote  sensing  image  interpretation.  Many  meth¬ 
ods  have  been  developed  for  segmenting  remotely  sensed 
imagery,  which  fall  into  two  categories  of  segmentation 
techniques:  bottom-up  approach  and  top-down  approach. 
The  bottom-up  approach  segments  an  image  into  homo¬ 
geneous  regions  without  any  a  priori  knowledge  about 
the  image  content,  while  the  top-down  approach  employs 
available  semantic  knowledge  in  the  segmentation  pro¬ 
cess.  A  combination  of  top-down  and  bottom-up  strate¬ 
gies  is  an  often-used  segmentation  approach  that  yields 
far  better  results  than  those  of  using  either  method  alone. 
However,  such  a  combination  approach  can  exhibit  some 
problems,  e.g.,  existence  of  a  loose  relationship  between 
the  data-driven  segmentation  and  knowledge  rules,  and 
lack  of  spatial  guidance  rules.  Reference  [1]  proposes  a 
knowledge-based  segmentation  scheme  where  classifica¬ 
tion  is  achieved  in  a  category-oriented  fashion  achieving 
good  segmentation  at  the  cost  of  increased  complexity. 

In  this  paper,  to  overcome  the  problems  mentioned  abo¬ 
ve,  we  propose  a  task-specific  segmentation  method  which 
incorporates  the  knowledge  into  data-driven  segmenta¬ 
tion  process  through  different  region  merge-scores.  The 
region  growing  algorithm  performs  an  initial  segmenta¬ 
tion  on  edge-preserving  smoothed  Landsat  images,  which 


usually  produces  a  large  amount  of  small  regions.  A  re¬ 
gion  merging  algorithm  is  needed  to  resolve  those  over¬ 
segmented  regions.  A  task-specific  region  merging  algo¬ 
rithm  is  designed  and  performed  to  incorporate  various 
kinds  of  the  domain  knowledge.  After  identifying  that 
the  basic  task  in  Landsat  image  segmentation  is  to  seg¬ 
ment  roads,  rivers,  veget ation/non- vegetation  areas,  etc., 
we  can  apply  this  domain  knowledge  to  design  a  specific 
merge-score  for  each  particular  task.  For  example,  roads 
are  spectrally  bright  objects  in  Landsat  images  and  they 
are  well-connected,  and  this  knowledge  is  used  to  define 
a  merge-score  for  those  bright  regions  in  terms  of  gray- 
level  similarity,  size,  and  connectivity.  Vegetation  areas 
correspond  to  dark  regions  and  their  texture  property  im¬ 
plies  that  they  have  large  variances.  Thus  we  can  de¬ 
fine  a  merge-score  for  dark  regions  in  terms  of  gray-level 
similarity,  variance  similarity,  and  the  size  constraint  and 
connectivity.  Similarly,  we  can  apply  the  available  knowl¬ 
edge  on  rivers  and  non- veget  at  ion  areas  to  define  suit¬ 
able  merge-scores,  respectively.  Furthermore,  the  edge 
information  can  be  integrated  with  the  region  informa¬ 
tion,  which  yields  reliable  and  meaningful  segmentation 
results  as  demonstrated  in  [7]. 

The  remainder  of  the  paper  is  organized  as  follows:  In 
section  II,  we  present  the  proposed  task-specific  segmen¬ 
tation  technique  and  define  suitable  merge-scores  for  dif¬ 
ferent  tasks  such  as  segmentation  of  roads  and  vegetation 
areas.  Section  III  gives  experimental  results  for  Landsat 
images.  Section  IV  concludes  with  suggestions  for  future 
research. 

11.  TASK-SPECIFIC  SEGMENTATION 
METHOD 

A  block  diagram  for  the  task-specific  segmentation  method 
is  shown  in  Fig.  1.  The  segmentation  scheme  consists  of 
three  main  components:  preprocessing,  task-specific  re¬ 
gion  merging,  and  integrating  edge  information,  which  are 
described  as  follows: 

Preprocessing:  Edge  detection  is  achieved  by  using 

Canny’s  edge  detector  since  it  provides  good  detection, 
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good  localization  and  a  single  edge  response  [2].  These 
characteristics  are  of  particular  importance  for  combina¬ 
tion  of  region  and  edge  information  in  the  subsequent 
boundary  elimination  and  contour  modification  stages. 
An  adaptive  smoothing  filter  developed  by  Chen  and  Med- 
ioni  [3]  is  used  to  remove  noises  while  all  the  edges  can  be 
well  preserved.  Then,  the  region  growing  algorithm  per¬ 
forms  an  initial  segmentation  on  edge-preserving  smoothed 
images.  The  choice  of  a  conservative  threshold  guarantees 
that  erroneous  merging  does  not  take  place.  However,  one 
drawback  is  that  a  large  amount  of  small  regions  are  pro¬ 
duced,  which  can  be  resolved  by  a  region  merging  algo¬ 
rithm  which  is  described  next. 


Task- specific  region  merging:  The  region  merging 
algorithm  we  have  employed  has  been  successfully  applied 
to  the  segmentation  of  images  of  natural  scenes  [4] ,  hand- 
wrist  radiography  [5],  and  magnetic  resonance  brain  im¬ 
ages  [7].  A  merge-score  usually  combines  scores  based  on 
certain  region  features:  grey-level  similarity,  region  size 
and  region  connectivity,  etc.  All  the  scores  can  be  math¬ 
ematically  formulated.  For  instance,  the  similarity  score 
between  regions  a  and  b  can  be  defined  as: 


Ssim  (^} 


max(1.0,  (Ta  -h  Ch)  ’ 


(1) 


where  fj.  is  the  mean  gray  level  and  cr  is  the  standard 
deviation.  The  connectivity  measure  between  regions  a 
and  h  is  defined  as: 


r  c(a,6)  if  0.5  <  c(a,  6)  <  2.0 
Sconn  =  I  0.5  if  c(a,6)  <  0.5  ,  (2) 

[  2,0  otherwise 

where  c(a,  6)  =  min(/(a),  /(6))/(4*/5(a,  6))  with  /^(a,  6)  the 
length,  in  pixels,  of  the  shared  boundary  between  regions 
a  and  b,  and  l{x)  the  circumference  of  region  x.  Now  we 
can  define  some  task-specific  merging  scores  as  follows: 

Region  merging  for  roads:  Roads  are  commonly  occurring 
objects  in  Landsat  images.  Observing  that  roads  are  spec¬ 
trally  bright  objects  and  well-connected,  we  can  construct 
a  merging  score  for  roads  in  terms  of  gray-level  similarity 
and  connectivity  measure  as  follows: 

Sroad{ci,  b)  -  Ssim  X  {Sconn{a,  6)/2.0)^.  (3) 

where  the  connectivity  measure  is  especially  emphasized 
to  capture  the  characteristic  of  roads  being  strongly  con¬ 
nected,  i.e.,  connected  regions  with  similar  high  gray-level 
are  encouraged  to  be  merged. 

Region  merging  for  vegetation  areas:  Vegetation  areas 
usually  correspond  to  dark  regions  and  exhibit  large  vari¬ 
ances  in  Landsat  images.  Therefore,  we  first  extract  dark 
areas  as  candidates  for  vegetation  areas.  Then  we  can 


define  a  merge  score  for  vegetation  areas  in  terms  of  vari¬ 
ance  similarity  and  connectivity  measure.  The  variance 
similarity  score  between  regions  a  and  6  is  simply  defined 
as: 


Svaria,b)  =  \(7a  -  (Tb\.  (4) 

The  merge  score  for  vegetation  areas  is  defined  as: 

Sveg{(^}  6)  —  \/ Syar{^)  b)  X  Sconn  ia,b).  (5) 

Integrating  edge  information:  The  edge  information 
can  be  integrated  to  verify  and,  where  necessary,  to  cor¬ 
rect  region  boundaries,  which  yields  more  reliable  and 
meaningful  segmentation  results  as  demonstrated  in  [6] 
[7].  In  particular,  we  use  edge  information  to  serve  two 
purposes:  1)  eliminating  false  boundaries  and  2)  modi¬ 
fying  the  contours.  For  the  implementation  details,  see 

[7]. 


III.  EXPERIMENTAL  RESULTS 

We  apply  the  segmentation  method  described  in  the 
previous  section  to  Lansat  images.  Sample  set  of  results 
are  shown  in  figures  2  and  3.  In  Fig.  2,  the  original  image 
and  the  contours  of  region  growing  are  shown  to  illustrate 
the  complexity  of  Landsat  images  and  over-segmented  re¬ 
sults  obtained  from  region  growing.  Fig.  3  illustrates  the 
initial  road  contours  and  the  contours  after  region  merg¬ 
ing.  As  we  can  see,  the  connectivity  score  for  roads  dom¬ 
inates  the  road  merging  score,  which  results  in  a  fairly 
good  segmentation  of  the  roads.  Fig.  3  also  shows  the 
results  for  segmenting  vegetation  areas.  At  each  stage, 
since  there  are  some  parameters  that  need  to  be  specified, 
we  have  developed  an  interface  for  interactive  manipula¬ 
tion  of  segmentation  results  and  study  of  the  sensitivity  of 
these  parameters.  Notice  that  the  task-specific  knowledge 
can  be  used  to  design  the  merging  scores  such  as  similarity 
scores  and  connectivity  measures  in  many  ways,  this  ap¬ 
proach  provides  us  a  general  framework  for  incorporating 
the  domain  knowledge. 


IV.  CONCLUSION 

The  task-specific  segmentation  method  has  been  ap¬ 
plied  to  Landsat  images.  The  experimental  results  show 
that  this  method  can  be  successful  in  segmenting  com¬ 
plicated  Landsat  images.  For  future  work,  a  complete 
segmentation  system  may  consist  of  two  parts:  1)  the  pro¬ 
posed  task-specific  segmentation  method  and  2)  a  knowl¬ 
edge  based  segmentation  technique  as  in  [1],  to  further 
exploit  the  knowledge  on  various  tasks. 
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Figure  1:  Block  diagram  of  the  task-specific  segmentation 
system 
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Figure  2:  Landsat  images:  (top)  original  image,  (bottom) 
region  growing. 


Figure  3:  Roads  and  Vegetation  Areas:  (top  left)  initial 
roads,  (bottom  left)  road  region  merging,  (top  right)  ini¬ 
tial  vegetation  areas,  (bottom  right)  vegetation  area  re¬ 
gion  merging. 
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Abstract  -  Image  segmentation  is  a  partitioning  of  an  image 
into  constituent  parts  using  image  attributes  such  as  pixel 
intensity,  spectral  values,  and/or  textural  properties.  Image 
segmentation  produces  an  image  representation  in  terms  of 
edges  and  regions  of  various  shapes  and  interrelationships.  It 
is  a  key  step  in  several  approaches  to  image  compression  and 
image  analysis. 

We  have  devised  a  hybrid  image  segmentation  approach 
that  combines  region  growing  and  boundary  detection.  The 
core  of  this  image  segmentation  approach  is  an  iterative 
parallel  region  growing  algorithm  that  we  developed  over  the 
past  several  years  [1,2,3].  The  question  of  where  to  stop  the 
region  growing  process  is  solved  by  not  allowing  the  region 
growing  process  to  grow  regions  past  boundaries  defined  by  a 
boundary  detection  algorithm.  We  have  found  an  edge 
detector  based  on  an  optimal  difference  recursive  filter  [4,5] 
to  be  most  suitable  for  this  boundary  detection.  This  edge 
detector  provides  highly  localized  edge  boundaries  and  is 
relatively  insensitive  to  noise.  It  also  provides  a  convenient 
threshold  parameter  through  which  an  application  appropriate 
edge  density  can  be  selected. 

INTRODUCTION 

Image  segmentation  is  a  partitioning  of  an  image  into 
constituent  parts  using  image  attributes  such  as  pixel 
intensity,  spectral  values,  and/or  textural  properties.  Image 
segmentation  produces  an  image  representation  in  terms  of 
edges  and  regions  of  various  shapes  and  interrelationships.  It 
is  a  key  step  in  several  approaches  to  image  compression  and 
image  analysis. 

Most  image  segmentation  approaches  can  be  placed  in 
one  of  three  categories: 

i.  characteristic  feature  thresholding  or  clustering, 

ii.  boundary  detection,  and 

iii.  region  growing. 

Characteristic  feature  thresholding  or  clustering  is  often 
ineffective  because  it  does  not  exploit  spatial  information. 
Boundary  detection  does  exploit  spatial  information  through 
examining  local  edges  found  throughout  the  image.  For 
simple  noise-free  images,  detection  of  edges  results  in 
straightforward  boundary  delineation.  However,  edge 
detection  on  noisy,  complex  images  often  produces  missing 
edges  and  extra  edges  which  cause  the  detected  boundaries  to 
not  necessarily  form  a  set  of  closed  connected  curves  that 
surround  connected  regions.  Region  growing  exploits  spatial 
information  and  guarantees  the  formation  of  closed 
connected  regions,  but  it  is  often  unclear  at  what  point  to  stop 
the  region  growing  process. 


We  have  devised  a  hybrid  image  segmentation  approach 
that  combines  region  growing  and  boundary  detection.  The 
core  of  this  image  segmentation  approach  is  an  iterative 
parallel  region  growing  algorithm  that  we  developed  over  the 
past  several  years  [1,2,3].  The  question  of  where  to  stop  the 
region  growing  process  is  solved  by  not  allowing  the  region 
growing  process  to  grow  regions  past  boundaries  defined  by  a 
boundary  detection  algorithm.  We  have  found  an  edge 
detector  based  on  an  optimal  difference  recursive  filter  [4,5] 
to  be  most  suitable  for  this  boundary  detection.  This  edge 
detector  provides  highly  localized  edge  boundaries  and  is 
relatively  insensitive  to  noise.  It  also  provides  a  convenient 
threshold  parameter  through  which  an  application  appropriate 
edge  density  can  be  selected. 

OPTIMAL  DIFFERENCE  RECURSIVE  HLTER  FOR 
EDGE  DETECTION 

The  Khoros  software  system  [6]  contains  a  wide  range  of 
image  processing  tools,  including  several  edge  detection 
algorithms.  The  Khoros  edge  detection  algorithm  that  we 
have  found  to  be  most  useful  with  remotely  sensed  imagery 
data  is  the  "optimal  difference  recursive  filter  for  edge 
detection,"  which  is  the  "vdrf  routine  under  Khoros  V2.0.2. 

This  edge  detection  algorithm  was  first  described  by  Shen 
and  Castan  in  [4].  A  more  detailed  description  in  [5].  In 
these  papers,  Shen  and  Castan  note  that  since  the  differential 
operators  most  commonly  for  edge  detection  are  very 
sensitive  to  the  noise  present  in  most  natural  images,  a 
preprocessing  such  as  smoothing  is  usually  required  to  reduce 
the  noise.  However,  the  most  common  approaches  employed 
for  image  smoothing  have  the  undesirable  side  effect  of 
reducing  the  accuracy  to  which  the  edge  detector  can  localize 
the  detected  edges.  Through  an  analysis  of  the  "traditional" 
mono-step  edge  model,  Shen  and  Castan  conclude  that  an 
optimal  low-pass  filter  for  smoothing  images  prior  to  edge 
detection  is  a  symmetric  exponential  filter  of  infinite  size 
(ISEF,  Infinite  Symmetric  Exponential  Filter).  They  show 
that  this  filter  has  a  better  signal  to  noise  ratio  and  a  better 
precision  of  localization  than  Gaussian-based  filters.  In  [5], 
Shen  and  Castan  propose  a  multiedge  model,  and  show  that 
the  ISEF  is  also  optimal  in  this  case. 

A  symmetric  exponential  filter  can  be  written  as: 

f(x)  =  a*/?'^l  (1) 

where,  for  the  discrete  case,  b  -  (l-fl)/(l+^z)  and  0<fl<l 
(implying  0<^<1). 

The  Khoros  "vdrf  routine  has  several  parameters. 
Parameters  a;  and  ^2  parameters  for  the  exponential  filter 
parameters  for  the  difference  recursive  implementation  of  the 
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ISEF  for  the  first  and  second  pass  of  the  filter.  A  second  pass 
is  required  in  the  recursive  implementation  for  use  in  the 
calculation  of  the  first  and  second  derivative  of  the  smoothed 
image  required  for  the  edge  detection  step.  In  (1),  a=-a^2, 
where  #=(1,2). 

After  the  ISEF  is  performed,  an  adaptive  gradient  is 
calculated  at  the  zero  crossings  of  the  2nd  derivative  of  the 
ISEF  smoothed  image,  and  the  edps  are  detected  through 
thresholding  [5].  Here  a  segment  is  output  as  a  valid  edge 
segment  if  the  gradient  threshold  value  along  its  length  is 
above  a  low  threshold,  tj,  for  its  entire  length,  and  if  the 
value  is  above  a  high  threshold,  t2,  for  at  least  part  of  its 
length.  The  segment  must  also  have  at  least  a  minimum 
number,  /,  of  pixels  in  it.  These  parameters,  tj,  t2,  and  /  - 
along  with  the  parameter  w  (the  window  size  for  calculating 
the  adaptive  gradient)  -  are  additional  parameters  for  the 
Khoros  "vdrf '  routine. 

ITERATIVE  PARALLEL  REGION  GROWING 

Over  the  past  several  years  we  have  investigated  a 
powerful  image  segmentation  approach  we  call  Iterative 
Parallel  Region  Growing  (IPRG)  [1,2].  The  basic  outline  of 
IPRG  has  changed  very  little  from  our  earliest  work  [3]: 

i.  Initialize  the  segmentation  process. 

ii.  Calculate  a  (dis)similarity  criterion  between  each  pair  of 
spatially  adjacent  regions. 

iii.  Merge  pairs  of  regions  that  meet  the  merge  constraints. 

iv.  Check  for  convergence.  If  converged,  stop.  Otherwise 
return  to  step  ii. 

However,  in  order  to  bring  in  information  from  an  additional 
source  such  as  edge  detection,  we  have  (optionally)  changed 
details  mainly  in  the  initialization  and  convergence  steps, 
with  some  minor  changes  in  merge  constraints.  We  will  note 
these  changes  as  we  discuss  the  key  elements  of  the  IPRG 
algorithm  in  turn  below:  the  initialization  process,  the 
(dis)similarity  criterion,  the  merge  constraints,  and 
convergence  criterion. 

Initialization 

Until  recently,  the  segmentation  process  was  initialized 
by  simply  labeling  each  pixel  as  a  separate  region,  and  then 
merging  all  spatially  adjacent  pixels  with  identical  feature 
values.  Our  current  hybrid  version  of  IPRG  has  options  to 
initialize  the  segmentation  process  in  two  additional  ways. 

IPRG  can  be  initialized  by  simply  providing  a  region 
label  map.  This  region  label  map  could  be  obtained  by  any 
means,  but  it  makes  most  sense  to  create  it  through  a  high 
quality  clustering  algorithm  that  allows  thresholding  out 
(non-classification)  of  pixels  that  are  not  near  the  center  of 
the  clusters.  In  our  future  work,  we  plan  to  experimented 
with  using  such  a  clustering  algorithms. 

The  hybrid  IPRG  can  also  be  initialized  from  an  input 
edge  map.  In  this  case  a  "distance  from  edge  map"  {dem)  is 
generated  by  initializing  dem  to  one  for  each  pixel  on  an  edge 
and  zero  otherwise,  dem  is  then  iteratively  grown  out  from 
each  edge  pixel  as  follows:  If  a  pixel  with  dem^O  has  a 
neighbor  with  dem^i,  set  dem-M  for  that  pixel.  This 
continues  iteratively  until  i  reaches  a  preset  maximum  value 
(idem).  Then  set  dem- idem  for  all  pixels  with  dem=0. 


Finally,  the  initial  segmentation  is  set  by  performing 
connected  component  labeling  on  all  pixels  with  dem=idem. 

Similarity  Criterion 

In  general,  the  best  similarity  criterion  depends  on  the 
application  the  resulting  segmentations  will  be  used  for,  and 
on  the  characteristics  of  the  image  data.  Nevertheless,  we 
have  developed  and  studied  a  few  general  purpose  similarity 
criterion  for  use  with  the  IPRG  algorithm,  including  criterion 
based  on  minimizing  mean-square  error  and  minimizing 
change  in  image  entropy  [7].  (These  are  actually 
^^wsimilarity  criteria  rather  than  similarity  criteria  because 
their  values  decrease  with  increasing  similarity.) 

In  the  past  couple  years  we  have  implemented  two 
additional  dissimilarity  criteria.  One  is  a  Normalized  Vector 
Distance  (NVD)  from  Baraldi  and  Parmiggiani  [8].  They 
define  the  factors  Ci  and  02  based  on  the  match,  respectively, 
between  the  modulus  and  the  angle  of  the  feature  vectors 
being  compared.  These  factors  are  constructed  such  that  a  ^  = 

1  and  02  =  1  signify  vector  equivalence,  and  0]  and  02  both 
range  from  0  to  1.  0  is  defined  as  the  product  of  0^  and  02* 
Finally,  NVD  is  defined  as  1-0. 

The  second  new  dissimilarity  criteria  is  a  Euclidean 
spectral  distance  from  Schoenmakers  [9].  For  two  regions  i 
and  j,  characterized  by  the  vectors  =  (x y,-,  X2r  •  • 

Xj  =  (x ij,  \2r  •  •  •’  criteria  is  defined  as: 

EUC,;;  =  [(X;,-X//+.  ••+(X7rmc/]“'^^ 

where  c  is  the  number  of  spectral  channels. 

Both  Baraldi  and  Parmiggiani  and  Schoenmakers  note 
that  their  dissimilarity  criterion  are  not  influenced  by  the  size 
of  the  regions  being  compared.  In  contrast,  the  mean-square 
error  and  entropy  based  criterion  explicitly  contain  the 
number  of  pixels  in  each  region  in  their  formulation.  This 
results  in  a  bias  against  small  regions  for  both  of  these 
criterion. 

Merge  Constraints 

At  each  iteration,  the  IPRG  algorithm  selects  a  set  of 
region  pairs  to  be  merged.  In  doing  this,  the  image  is  first 
divided  into  a  set  of  subimages.  The  size  of  these  subimages 
depend  on  the  "constraint  level"  employed  (see  below).  The 
most  similar  pair  of  spatially  adjacent  regions  is  noted  within 
each  subimage  (ties  are  broken  arbitrarily),  and  is  selected  for 
merging  at  that  iteration.  After  each  iteration,  the  set  of 
subimages  is  redefined  appropriately. 

A  subimage  with  respect  to  a  particular  region  is  defined 
recursively  as  follows:  A  level  0  subimage  for  any  region  is 
the  empty  set.  A  level  1  subimage,  with  respect  to  a  region, 
is  the  region  itself  A  level  2  subimage,  with  respect  to  a 
region,  is  the  level  1  subimage,  with  respect  to  that  region, 
plus  all  regions  that  are  spatially  adjacent  to  the  level  1 
subimage.  Finally,  a  level  n  subimage,  with  respect  to  a 
region,  is  the  level  n-1  subimage,  with  respect  to  that  region, 
plus  all  regions  that  are  spatially  adjacent  to  the  level 

subimage. 

For  merge  constraint  level  n,  merges  are  limited  to  be  the 
best  merges  within  the  union  of  the  level  n  subimages  with 
respect  to  each  of  the  potentially  merging  region  pairs. 
Constraint  level  n-0.5  signifies  merges  are  constrained  to  be 
the  best  merge  within  the  level  n  subimage  with  respect  to 
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only  one  of  the  potentially  merging  region  pairs.  For  a  merge 
constraint  level  of  1.0  or  higher,  the  subimages  overlap  each 
other. 

Employing  merge  constraint  level  0.5  is  equivalent  to 
performing  the  best  merge  for  each  region,  without  regard  to 
what  the  best  merge  is  for  any  neighboring  region.  This 
generally  gives  poor  results.  The  merge  constraint  level  1.0 
is  equivalent  to  performing  the  pairwise  mutually  best  merges 
for  all  pairs  of  spatially  adjacent  regions  (with  ties  broken 
arbitrarily).  This  generally  sufficient  to  give  good  results. 
The  higher  the  merge  control  level,  however,  the  closer  this 
scheme  comes  to  matching  the  scheme  of  one  best  merge  per 
iteration  over  the  whole  image. 

Convergence  Criterion 

In  the  hybrid  version  of  IPRG,  an  edge  map  from  a 
previously  run  edge  detection  as  the  convergence  criterion  for 
the  region  growing  process.  At  each  iteration  of  the  region 
growing  process,  the  result  is  checked  against  the  edge  map. 
If  any  edge  pixel  comes  to  be  more  than  a  preset  maximum 
distance,  mcucdem,  from  a  region  boundary,  the  merge 
causing  this  effect  is  suppressed.  If  this  is  the  first  time  this 
edge  pixel  triggered  this  merge  suppression,  the  pixels  up  to  a 
certain  distance,  spltdem,  are  also  reinitialized  to  one  pixel 
per  region.  This  region  splitting  is  only  performed  the  first 
time  an  edge  pixel  triggers  a  merge  suppression.  Finally, 
when  the  cumulative  merge  suppressions  throughout  the 
image  make  it  such  that  no  more  merges  can  occur, 
convergence  is  achieved. 

TEST  RESULTS 

Due  to  space  constraints,  we'll  just  give  here  a  synopsis  of 
the  parameter  settings  and  method  of  combination  of  the  edge 
maps  and  region  growing  process  that  appears  to  give  the 
best  results.  The  full  presentation  (complete  with  pictures  of 
edge  maps  and  segmentation  label  maps,  along  with  the 
original  data)  will  have  to  wait  for  the  oral  presentation. 

The  recommended  value  for  both  aj  and  is  0.3.  While, 
we  have  found  that  this  value  does  a  good  job  for  Lands  at 
TM  data,  setting  ay  to  0.1  and  leaving  a2  at  0.3  seems  to  do  a 
better  job  of  extracting  edge  detail.  Generally  higher  values 
of  these  parameters  (especially  ay)  tend  to  wash  out  edge 
detail,  while  lower  value  of  ay  (but  not  a2  lower  than  0.3) 
tends  to  extract  more  edge  detail.  Noisier  data  than  Landsat 
TM  data  would  require  higher  settings  for  these  parameters. 

A  window  size,  w,  of  5  seems  to  perform  best.  A  size  of 
3  gives  spurious  results,  and  a  size  of  5  seems  to  do  better 
than  7  in  extracting  appropriate  edge  detail.  Again,  a  higher 
setting  may  work  better  for  noisier  data. 

Shen  and  Castan  recommend  values  of  12  for  tj  and  15 
for  t2.  We  found  that  a  lower  value  for  tj  (=6)  brought  out 
more  edge  detail  in  Landsat  TM  data.  The  recommended 
value  would  be  more  appropriate  for  noisier  data,  as  the 
additional  detail  would  probably  be  due  to  noise  in  that  case. 

Again,  due  to  the  relatively  noise-free  condition  of  the 
Landsat  TM  data  we  tested  on,  we  found  a  smaller  value  for  / 
(minimum  number  of  pixels  in  a  segment)  than  recommended 
by  Shen  and  Castan  was  more  satisfactory.  We  found  that, 
for  Landsat  TM  data,  a  value  of  5  worked  better  than  the 
recommended  value  of  10. 

Since  the  initial  iterations  go  so  fast  in  our  massively 
parallel  implementation  of  IPRG,  we  find  it  unnecessary  to 


initialize  IPRG  with  the  edge  detection  results.  However, 
convergence  based  on  the  edge  detection  results  does  give 
excellent  results. 

We  did  find,  however,  that  since  the  edge  detection 
results  are  so  detailed  (with  overlapping  edges  at  some 
•locations),  it  is  best  to  run  IPRG  in  two  stages.  In  the  first 
stage,  we  mask  out  the  data  where  the  edges  are  very  dense 
(where  an  edge  pixel  is  surrounded  by  5  other  edge  pixels) 
and  run  IPRG  to  convergence  based  on  the  edge  map  with 
maxdem=l  and  spltdem-1.  In  the  second  stage  we  turn  off 
the  mask  and  continue  IPRG  with  the  addition  of  a  global 
threshold  on  the  dissimilarity  criterion.  A  value  of  l.Oe-03 
seems  to  perform  well  for  the  average  mean  squared  error 
criterion  on  the  Landsat  TM  data.  We  also  used  merge 
constraint  level  1.0  in  our  tests. 

In  the  oral  presentation,  we  will  also  present  results  from 
AVHRR  and  GOES  data. 
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Abstract 

This  work  deals  with  the  estimation  of  generalized  mixtures 
with  applications  to  unsupervised  statistical  multisensor  image 
segmentation.  A  mixture  is  said  to  be  "generalized”  when  the 
exact  nature  of  the  noise  components  is  not  known;  one 
assumes,  however,  that  each  belongs  to  a  finite  known  set  of 
families  of  distributions.  We  propose  some  methods  of 
estimation  of  such  mixtures  based  on  Expectation- 
Maximization  (EM),  and  Iterative  Conditional  Estimation 
(ICE,  [6])  algorithms.  The  set  of  families  of  distributions  is 
assumed  to  lie  in  Pearson's  system. 

1.  INTRODUCTION 

It  is  well  established  that  statistical  methods  of  segmentation 
can  show  exceptional  efficiency.  One  can  distinguish  global 
methods,  which  use  Markovian  models  [1],  [3],  [4],  [6],  and 
local  ones  [5],  [8].  When  unsupervised  segmentation  is 
concerned,  one  has  to  estimate  the  required  model  parameters 
in  a  previous  step.  The  corresponding  statistical  problem  is 
that  of  mixture  estimation,  and  techniques  like  EM  or  SEM  [5] 
can  generally  be  used.  In  "classical”  mixtures  the  nature  of  the 
noise  distributions  is  known:  for  instance,  they  are  all 
Gaussian,  or  Gamma,  or  Beta,  etc.  In  real  situations  it  can 
happen  that  this  nature  differs  with  the  class.  Furthermore,  in 
the  multisensor  case,  it  can  differ  with  the  sensor  for  a  given 
class.  Moreover,  for  a  given  class  and  a  given  sensor  this 
nature  can  vary  in  time.  Thus  it  would  be  very  useful  to  be 
able  to  automatically  find  the  right  nature  of  the  distribution 
for  each  class  and  each  sensor.  Pioneer  results  of  such  works 
are  presented  in  [7]. 

Our  work  addresses  the  problem  of  a  generalized  multispectral 
mixture  estimation  with  application  to  unsupervised 
segmentation  of  SAR  images.  A  mixture  is  said  to  be 
"generalized"  when  the  exact  nature  of  the  noise  components 
is  not  known;  we  assume,  however,  that  each  belongs  to  a 
finite  known  set  of  families  of  distributions.  For  instance,  in 
the  case  of  three  classes  and  two  sensors,  if  each  component 
can  be  exponential  or  Gaussian,  there  are  thirty-six 
possibilities  of  "classical"  mixture.  Thus  the  observed  process 
is  a  distribution  mixture  and  the  problem  of  estimating  such  a 
0-7803-3068-4/96$5.00©1996  IEEE 


"generalized"  mixture  contains  a  supplementary  difficulty:  one 
has  to  label,  for  each  class  and  each  sensor,  the  exact  nature  of 
the  corresponding  distribution. 

When  considering  both  global  and  local  methods,  classical 
mixture  estimation  algorithms  such  as  EM,  ICE,  and  SEM, 
can  be  adapted  to  such  situations.  Among  different 
possibilities,  we  describe  one  of  the  generalized  mixture 
estimation  methods,  valid  in  the  context  of  Hidden 
Multisensor  Markov  Fields,  using  the  Pearson  system  and 
ICE. 

Different  algorithms  are  then  applied  to  the  problem  of 
unsupervised  Bayesian  multispectral  SAR  image 
segmentation.  We  propose  an  adaptive  version  of  SEM  in  the 
case  of  "blind",  i.e.,  "pixel  by  pixel",  segmentation  and 
compare  its  efficiency  to  the  global  ICE  based  method. 

2.  PEARSON'S  SYSTEM 

In  this  section  we  specify  the  set  of  families  O  =  {Fp...,Fg} 

we  will  use  in  the  unsupervised  radar  image  segmentation. 
Our  description  of  Pearson's  system  is  brief  as  further  details 
can  be  found  in  [2]. 

A  probability  density  function  f  on  R  belongs  to  Pearson's 
system  if  it  satisfies  : 

_L£Zl  = - Z±2-^  (1) 

f(y)  dy 

The  variation  of  the  parameters  provides 

distributions  of  different  shape  and,  for  each  shape,  defines  the 
parameters  fixing  a  given  distribution.  Let  T  be  a  real  random 
variable  whose  distribution  belongs  to  Pearson's  system.  For 
^  =  1,2,3,4  let  us  consider  the  moments  of  Y  defined  by  : 

/Xj=E[y]  n^=E[{Y-E{Y)f]  for  ^>2  (2) 
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and  two  parameters  7^ ,  defined  by  : 


7l  = 


(Aio) 


yi 


^4 


{pi^r  {p^r 

is  called  "skewness"  and  Y2  "kurtosis". 

On  the  one  hand,  the  coefficients  a,CQ,c^,C2  are 
with  /fj  ,^^2’  7i  ’  Yi  following  formula  : 


a  - 


(7l  -  72  +  1)^1  +  (72  + 
1072-127j-18 


^“2 (4^2  -3^1)  ^^1^2  (72 +3) 


10/2 -127j -18  1072-127j-18 


3.  GENERALIZED  ICE 

Let  us  briefly  describe  how  generalized  ICE  runs  in  the 
context  of  Multisensor  Hidden  Markov  Fields.  For  a  set  of 
(3)  pixels  S,  we  consider  two  sets  of  random  variables 
X  =  ^  "random  fields".  Each 

takes  its  values  in  a  finite  set  of  classes  Q.  =  {(O^ , . O)^}  and 

each  takes  its  values  in  R^,  The  field  X  is  Markovian 
then  linked  denote  by  a  all  parameters  defining  its 

distribution  P^,  The  random  variables  will  be 

assumed  independent  conditionally  to  X,  and  furthermore, 
the  distribution  of  each  conditional  to  X  will  be  assumed 

equal  to  its  distribution  conditional  on  X^.  Under  these 
hypotheses  all  distributions  of  Y  conditional  to  X  are  defined 
by  the  k  distributions  of  Y^  conditional  to 

^4^  respectively,  whose  densities  will  be  denoted  by 

The  sensors  will  be  assumed  independent,  which  implies 


(27^-37^  -6) 

2  1072-127j-18 

On  the  other  hand,  putting 

7i(72+3)^ 

A  = - L_2 -  (5) 

4(472  -  37i)(272  -  3ri-6) 

the  eight  families  of  the  set  O  =  { Fj , . . . ,  Fg }  are  defined  by  : 

[Py  e  F,]  <=>  [A<0]  [Py  e  FJ  o  [7,  =  Oand  y^{3] 
[Py€Fj]^[2y^-3Y^-6  =  0] 

[F,€FJo[0a<l]  {PyeF,]<^[X  =  \\ 

[F,eF,]o[A>l]  (6) 

[Py  e  Fy]  4=^  [7,  =  Oand  72)3] 

[Py  6  Fg]  <=>  [7j  =  Oand y^  =  3] 

The  exact  form  of  different  densities  can  be  seen  in  [2].  In 
particular  we  have,  :  beta  distributions  of  the  first  kind; 
F3:  gamma  distributions;  Inverse  gamma  distributions; 
F. :  beta  distributions  of  the  second  kind;  and  Fo  ‘  Gaussian 

O  o 

distributions. 

Note  that  the  moments  can  be  easily  estimated  by 

empirical  moments,  from  which  we  deduce  the  estimated 
values  of  by  (3)  and,  finally,  we  estimate  the  family 

using  (6). 


fi  (75  )  =  /;  (7J  yf  )  =  /,•!  (jJ  )x-  •  •  ^fim  )  (7) 

Note  that  realizations  of  X  according  to  its  posterior 
distribution  are  possible  (Gibbs  sampler). 

Thus  each  f--  lies  in  one  of  the  eight  families  of  Pearson’s 

system  and  the  problem  is  to  find  each  of  them.  We  assume 
that  we  dispose  of  an  estimator  a  =  d(X)  of  the  parameters 
a . 

The  ICE-PEAR  is  an  iterative  procedure  which  runs  as 
follows: 

(i)  Initialize  the  procedure  in  some  way.  For  instance,  take  all 

Gaussian  with  parameters  estimated  by  some  classical 
algorithm. 

(ii)  Calculate  from  7  =  y  and  in 

y  y 

the  following  way: 

(a)  Simulate  a  realization  of  X  according  to  its  and 

based  distribution  conditional  to  7  =  y . 

(b)  Calculate  =  a{x^). 

(c)  For  i  =  1,...,/:,  consider  5^-  =  {5  e  5'  /  xf  =  (0^}.  For  each 
sensor  j  calculate  the  four  first  moments  from 

yj  (yi  decide,  using  (3),  (5),  and  (6),  in  which 

i 

family  among  Fp...,Fg  the  distribution  f.j  lies.  Use  (4)  in 
order  to  calculate  the  parameters. 

(d)  Consider  the  densities  /..  found  in  (c)  as 

y  V 

It  is  possible  to  propose  an  analogous  "blind",  i.e.  "pixel  by 
pixel"  SEM  based  algorithm  and  its  adaptive  version,  in 
which  priors  depend  on  pixels  [7], 
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4.  EXPERIMENTS 

4. 1  Synthetic  image 

Let  us  consider  a  synthetic  image  "Ring"  below  and  its  noisy 
versions  in  three  sensors.  ICE-PEAR  is  the  result  of  the 
Maximum  Posterior  Mode  (MPM  [4])  segmentation  based  on 
ICE-PEAR  estimates  and  Adaptive  Generalized  SEM 
designates  the  result  of  the  classical  local  Bayesian 
segmentation  based  on  estimates  with  Adaptive  Generalized 


SEM. 


Sensor  2  Sensor  3 


ICE-PEAR  Adaptive  Generalized  SEM 


4.2  Real  image 


5.CONCLUSION 


Different  generalized  mixture  estimation  algorithms  allow  one 

to  find  automatically  the  correct  form  of  the  noise  for  each 

class  and  each  sensor,  which  allow  one  to  generalize  the 

classical  unsupervised  image  segmentation  methods. 
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Abstract 

The  traditional  approaches  to  contour  detection  in 
SAR  images  employ  a  'priori  models  of  the  speckle.  In 
this  paper,  we  propose  to  apply  to  SAR  images  a  new 
contour  detection  algorithm  which  is  intended  to  be  data- 
independent,  i.e.,  it  does  not  exploit  any  domain  specific 
knowledge  about  the  contents  of  the  scene.  This  new 
contour  detector  must  feature  some  degree  of  biological 
plausibility  in  order  to  simulate  the  behavior  of  a  human 
photo-interpreter  who  is  able  to  segment  at  one  glance 
images  acquired  by  optical  as  well  as  by  SAR  sensors. 
This  means  that,  in  order  to  improve  the  performance 
of  the  contour  detector,  we  are  not  exclusively  restricted 
to  the  exploitation  of  SAR  images,  but  we  can  apply  the 
algorithm  to  a  wide  variety  of  test  images  which  refer  to 
well  known  physiological  and  psychophysical  experiences. 

After  the  contour  detection  stage,  we  employ  a  sec¬ 
ond  stage  which  extracts  (closed)  regions  from  non- 
connected  binary  contours,  and  a  third  stage  which  per¬ 
forms  (conservative)  region-merging.  The  third  stage  em¬ 
ploys  a  neural  network  clustering  algorithm  whose  in¬ 
put  sequence  consists  of  segment-based  textural  param¬ 
eters.  The  statistical  regularities  detected  by  the  net¬ 
work  in  the  random  input  sequence  are  equivalent  to  cat¬ 
egories  of  segments  which  can  be  successively  used  by  a 
knowledge-based,  domain  dependent,  hierarchical  classi¬ 
fication  scheme. 

The  proposed  segmentation  procedure  is  applied  to 
SAR  images  depicting  sea  ice.  The  performance  of  the 
contour  detection  stage  seems  to  encourage  the  devel¬ 
opment  of  a  new  category  of  biologically  plausible  algo¬ 
rithms  to  perform  low-level  visual  tasks. 

Introduction 

The  scientific  community  has  identified  ice  classifica¬ 
tion  as  a  priority  item  because  of  its  importance  for  global 
climate  and  weather,  and  for  ship  navigation.  In  recent 
years,  the  objective  of  ice  classification  has  become  more 
feasible  due  to  the  availability  of  suitable  data.  In  partic¬ 
ular,  SAR  images  have  demonstrated  a  great  potential  in 
monitoring  sea  ice  in  every  day /night  and  weather  con- 

0-7803-3068-4/96$5.00©1996  IEEE 


dition.  Thus,  an  efficient  sea  ice  classification  scheme, 
either  supervised  or  unsupervised,  should  employ  SAR 
imagery  to  extract  ice  classes. 

The  development  of  SAR  image  processing  algorithms 
featuring  robustness  is  a  difficult  task  because  of  the  com¬ 
plex  features  which  characterize  the  interactions  between 
the  SAR  signal  and  the  surface  of  the  earth.  For  example, 
in  order  to  remove  the  presence  of  speckle  noise,  a  great 
variety  of  SAR  speckle  filters  has  been  developed  (e.g., 
see  [1],[2]).  In  SAR  imagery:  i)  pixel-based  classification 
approaches,  whose  local  statistics  are  extracted  from  indi¬ 
vidual  pixels  and  their  close  neighbors,  heavily  rely  upon 
a  speckle  filtering  stage;  and  ii)  region-based  classification 
approaches  are  thought  to  provide  better  overall  perfor¬ 
mance  than  pixel-based  approaches,  although  they  may 
feature  poor  detection  of  linear  features  and  narrow  areas 
(e.g.,  ice  ridges)  [3], [4].  In  this  paper,  we  aim  to  develop 
a  SAR  segmentation  procedure  to  be  employed  within  a 
region-based  SAR  classification  scheme. 

A  SAR  segmentation  procedure  typically  exploits  a 
contour  detection  stage.  Contour  detection  methods 
are  generally  less  computationally  expensive  than  region 
growing  methods,  and  although  they  are  sensitive  to 
thresholds,  this  drawback  may  be  partially  compensated 
for  by  the  exploitation  of  a  later  region-merging  stage. 
When  a  contour  detector  especially  suited  for  SAR  im¬ 
ages  (such  as  [5])  employs  an  a  priori  model  of  the  speckle 
noise,  no  speckle  filter  pre-processing  is  required  in  the 
SAR  region-based  approach  (e.g.,  see  [3]).  This  reduces 
the  overall  computation  time  of  the  SAR  region-based  ap¬ 
proach  with  respect  to  that  required  by  the  pixel-based 
approach  which  is  intrinsically  simpler  but  also  needs 
speckle  pre-processing. 

The  traditional  approach  to  SAR  filtering  and  contour 
detection  employs  a  priori  knowledge  about  the  data  do¬ 
main  (e.g.,  a  multiplicative  speckle  model  is  adopted  in 
[1],  [2]  and  [5]).  In  [2],  an  attempt  to  combine  the  prop¬ 
erties  of  a  biologically  plausible  contour  detector,  whose 
peculiar  features  are  robustness  and  data-independence, 
with  a  domain-specific  a  priori  speckle  model  was  dis¬ 
cussed.  In  the  present  paper,  we  propose  a  completely  dif¬ 
ferent  strategy  to  approach  the  problem  of  SAR  contour 
detection.  This  approach  ignores  any  a  priori  domain- 
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specific  model  of  the  SAR  signal,  and  tries  to  focus  its 
attention  on  the  biological  aspects  of  a  general-purpose 
contour  detection  algorithm  (which  must  be  able  to  pro¬ 
cess  SAR  images  as  well  as  images  from  other  sensors). 
This  approach  to  SAR  contour  detection  is  justified  by 
the  behavior  of  a  human  photo-interpreter  who  is  able 
to  segment  optical  imagery  as  well  as  SAR  images  at 
one  glance  (i.e.,  in  a  pre- attentive  manner),  regardless 
of  the  different  physical  and  pictorial  properties  of  these 
two  types  of  images.  This  means  that,  whereas  the  hu¬ 
man  interpretation  (classification)  system  uses  domain 
specific  knowledge  about  the  contents  of  the  scene,  the 
human  low-level  visual  system  exclusively  employs  gen¬ 
eral  purpose  models  that  contain  knowledge  about  images 
and  grouping  criteria  which  are  independent  of  the  scene 
under  analysis  [6]- [8].  An  advantage  of  the  proposed  al¬ 
ternative  approach  to  contour  detection  is  that  we  can 
improve  our  general-purpose  model  by  assessing  its  per¬ 
formance  on  several  well-known  test  images  (in  particu¬ 
lar,  those  that  refer  to  physiological  and  psychophysical 
effects  such  as  the  Mach  band  illusion  [9]). 

After  the  contour  detection  stage,  a  SAR  image 
segmentation  procedure  must  employ  a  second  stage 
where  (closed)  segments  are  extracted  starting  from  non- 
connected  binary  contours.  This  module  can  be  im¬ 
plemented  by  means  of  traditional  image  processing  al¬ 
gorithms  which  exploit  geometric  information  extracted 
from  the  non-connected  binary  contours,  i.e.,  the  raw 
SAR  image  is  not  employed  at  this  stage  [2].  As  a  conse¬ 
quence,  this  second  module  must  apply  a  conservative 
segmentation  strategy  to  deal  with  the  non-connected 
contour  pixels,  i.e.,  every  contour  pixel  is  selected  to 
form  one  segment  on  its  own  (conservative  choice) .  This 
aspect  stresses  the  need  of  a  third  SAR  segmentation 
stage  which  employs  pixel  similarity  measures  to  perform 
region-merging,  in  order  to  reduce  local  oversegmentation 
phenomena. 

1  Planning 

Let  us  introduce  the  three  stages  of  the  proposed  SAR 
segmentation  procedure:  1)  contour  detection;  2)  seg¬ 
ment  extraction  from  non-connected  contours;  and  3) 
region-merging. 

1.  Contour  detection.  We  propose  to  detect  contours 
in  SAR  images  by  means  of  a  new  low-level  vision  mod¬ 
ule,  termed  Chromatic  and  Achromatic  Contour  Detector 
(CACD),  which  features  some  degree  of  biological  plau¬ 
sibility  [9].  CACD  is  intended  as  a  data-independent  al¬ 
gorithm  which  is  not  specifically  developed  to  deal  with 
SAR  images.  For  example,  when  CACD  is  applied  to 
(achromatic)  SAR  images,  its  chromatic  contrast  detec¬ 
tion  channel  is  actually  inhibited.  An  interesting  aspect 
of  CACD,  which  performs  multi-scale  analysis,  is  that  it 


features  simultaneous  ability  in  detecting  contours  and 
textures.  This  means  that  when  CACD  is  applied  to 
SAR  images,  it  does  not  require  any  pre-processing  stage 
to  remove  speckle. 

CACD  tries  to  address  some  of  the  major  problems  in¬ 
vestigated  by  neurophysiological  and  neuropsychological 
studies  of  the  mammalian  visual  sistem.  In  particular, 
CACD:  i)  defines  a  neuron  transfer  function  which  ac¬ 
counts  for  both  chromatic  and  achromatic  contrast;  ii) 
defines  odd-  and  even-symmetric  neurons,  whose  specific 
receptive  fields  and  sensibility  profiles  are  computed  by 
means  of  ‘‘normalized”  Gabor  functions  (such  that  both 
their  excitatory  and  inhibitory  subsets  feature  connection 
weights  whose  sum  is  equal  to  1):  the  activity  of  these 
neurons  should  be  related  to  that  of  the  simple  cells  in  the 
Primary  Visual  Cortex  (PVC)  [8];  iii)  combines  odd-  and 
even-symmetric  filter  responses  (these  responses  should 
be  related  to  the  activity  of  the  complex  cells  of  PVC 
[8]);  iv)  combines  responses  of  filters  working  at  different 
spatial  scales. 

The  exploitation  of  a  bank  of  multi-scale  filters  allows 
CACD  to  detect,  simultaneously,  contours  (e.g.,  texels) 
at  high  spatial  resolution  and  textures  at  low  spatial  res¬ 
olution.  CACD  employs  filters  featuring  four  different  di¬ 
mensions  because  at  least  four  spatial  scales  are  required 
to  model  human  vision  [10].  We  introduce  the  terms:  i) 
CACDH  as  the  implementation  of  CACD  which  combines 
high  resolution  oriented  filters  of  3  x  3  and  5x5  pixels  in 
size;  ii)  CACDL  as  the  implementation  of  CACD  which 
combines  low  resolution  oriented  filters  of  13  x  13  and 
25  X  25  pixels  in  size.  These  four  square  Gabor  filters 
feature  their  a  parameter  equal  to  0.5,  1,  2  and  4,  re¬ 
spectively,  and  center  frequencies  which  mutually  differ 
by  one  octave  in  the  spatial  frequency  domain. 

2.  Segment  extraction  from  non-connected  contours.  The 
second  stage  of  the  SAR  segmentation  procedure  is  an 
automatic  region-extraction  module  to  be  applied  to  the 
binary  contour  image  generated  by  CACD.  In  line  with 
[2],  this  module  employs  the  non-connected  binary  con¬ 
tour  pixels  to  extract  (closed)  segments  by  means  of  ge¬ 
ometrical  rules,  i.e.,  no  backscatter  information  from  the 
input  raw  image  is  exploited  at  this  stage.  The  procedure 
which  extracts  segments  from  non-connected  contour  pix¬ 
els  consists  of  the  following  steps  [2]:  i)  computing  the 
distance  image  made  of  chamfer  3-4  distance  values  from 
contour  pixels;  ii)  computing  gradients  in  the  distance 
image;  iii)  detecting  distance  local  maxima;  iv)  cluster¬ 
ing  distance  local  maxima  to  detect  segment  seed  pixels; 
v)  applying  region  growing  strategies  around  seed  pixels 
to  detect  segments;  vi)  assigning  every  contour  pixel  to  a 
new  segment  (which  is  a  conservative  choice). 

3.  Region-merging.  In  order  to  reduce  local  oversegmen¬ 
tation  phenomena  which  may  affect  the  segmented  image 
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generated  by  the  second  stage  of  the  SAR  segmentation 
procedure,  a  Neural  Network  (NN)  clustering  algorithm 
is  employed  [11], [12].  A  NN  of  this  type  detects  statis¬ 
tical  regularities  in  a  random  sequence  of  multi-valued 
(i.e.,  not  necessarily  binary)  input  patterns.  Segment- 
based  statistics  provide  the  NN  with  a  sequence  of  input 
patterns. 

According  to  the  textural  feature  selection  proposed 
in  [13],  some  of  the  most  uncorrelated  texture  statistics 
which  also  feature  a  clear  physical  meaning  are;  mean, 
standard  deviation,  recursivity  and  contrast.  The  latter 
two  parameters  are  extracted  from  the  Upper-triangular 
Gray-Level  Cooccurrence  Matrix  (UGLCM),  With  re¬ 
gard  to  the  textural  properties  of  images,  let  us  refer 
to  the  most  recent  version  of  the  Julesz  conjecture  which 
states:  two  pictures  (e.g.,  textures)  with  identical  third- 
order  statistics  must  be  physically  identical,  i.e.,  they 
cannot  be  discriminated  between  because  identical  third- 
order  statistics  imply  identical  second-  and  first-order 
statistics  [14].  Thus,  discrimination  between  textures  be¬ 
comes  increasingly  difficult  as  their  third-order  statistics 
become  more  similar  [14].  We  conclude  that  the  exploita¬ 
tion  of  third-order  statistics,  e.g.,  extracted  from  a  third- 
order  UGLCM  (see  also  [15]),  would  increase  the  reliabil¬ 
ity  of  the  segment-based  feature  extraction  stage  at  the 
cost  of  an  increase  in  memory  requirement  and  processing 
time.  At  the  current  time,  our  feature  extraction  stage 
can  extract  from  the  detected  segments  the  following  two 
within-segment  data  sets:  i)  mean,  standard  deviation, 
second  order  UGLCM  recursivity,  second  order  UGLCM 
contrast;  or  ii)  third  order  UGLCM  recursivity,  third  or¬ 
der  UGLCM  contrast. 

While  in  the  first  stage  of  the  SAR  segmentation  proce¬ 
dure,  Gabor  filters  exploit  a  joint  space/spatial  frequency 
domain  to  detect  local  discontinuities  in  the  image  inten¬ 
sity  [9],  the  NN  clustering  procedure  is  applied  to  a  mea¬ 
surement  space  where  topological  attributes  of  segments 
are  lost,  i.e.,  NN  exploits  no  spatial  information.  This 
implies  that  NN  is  not  affected  by  discontinuities  of  lo¬ 
cal  information  in  the  spatial  domain  (e.g.,  according  to 
spatial  analysis,  the  presence  of  a  step  edge  reveals  that 
two  adjacent  segments  cannot  be  merged  even  though 
their  within-segment  average  statistics  are  equal).  This 
behavior  is  consistent  with  the  goals  of  the  NN  clustering 
stage  which  are:  i)  the  extraction  of  global  statistics  (im¬ 
age  regularities  or  categories)  from  local  (segment-based) 
properties;  and  ii)  the  reduction  of  oversegmentation  phe¬ 
nomena. 

In  order  to  avoid  undersegmentation  phenomena,  NN 
must  be  run  in  a  conservative  framework,  i.e.,  the  NN 
input  parameters  must  be  severe. 

NN  clustering  algorithms  are  based  on  a  parallel  and 
distributed  system,  i.e.,  a  system  composed  of  several 
processing  units  whose  competitive/cooperative  activities 
are  defined  by  simple  local  rules.  In  [11],  we  proposed  a 


NN  model,  termed  Simplified  Adaptive  Resonance  The¬ 
ory  (SART),  which  is  an  evolution  of  that  presented  in 
[12].  SART  features  self-organizing  properties  inherited 
from  both  ART-based  models  [16]  and  Kohonen’s  Self- 
Organizing  Map  (SOM)  [17].  The  interesting  functional 
characteristics  of  SART  are  that:  i)  it  requires  only  two 
user-defined  parameters  to  run  (these  parameters  have  a 
clear  physical  meaning:  one  normalized  parameter  rep¬ 
resents  the  expected  degree  of  difficulty  of  the  pattern 
recognition  process,  the  second  parameter  represents  the 
time  available  to  the  net  to  acquire  knowledge  from  the 
input  data  set);  ii)  it  self-adjusts  the  size  of  the  net,  i.e., 
it  generates  neurons  dynamically,  therefore  neither  an  a 
priori  decision  regarding  the  size  of  net  is  required  to  the 
user  nor  dead  units  will  affect  the  net;  iii)  it  initializes 
neurons  automatically,  therefore  no  neuron  randomiza¬ 
tion  pre-processing  is  required;  and  iv)  it  performs  on-line 
learning,  i.e.,  it  processes  new  data  immediately  without 
having  to  retrain  or  to  refer  to  any  of  the  previous  train¬ 
ing  data.  We  wish  to  stress  that  point  iv)  listed  above 
also  implies  that  SART  is  affected  by  the  order  of  pre¬ 
sentation  of  the  input  sequence.  This  aspect  of  SART, 
which  is  also  typical  of  every  biological  cognitive  system, 
is  reduced:  a)  when  the  neurons’  plasticity,  which  is  a 
monotone  decreasing  function  of  time,  decreases  slowly, 
i.e.,  when  the  input  parameter  which  defines  the  time 
available  for  learning  increases  (this  behavior  of  SART  is 
in  line  with  those  of  biological  cognitive  systems);  and  b) 
because  the  cooperative  mechanisms  employed  in  SART 
(in  line  with  those  of  SOM)  allow  several  neurons  to  gain 
the  same  input  pattern,  i.e.,  the  impact  of  one  input  pat¬ 
tern  “diffuses”  (and  “fades  away”)  through  the  net. 

4  Implementation 

In  the  first  stage  of  the  proposed  SAR  image  segmen¬ 
tation  procedure,  we  apply  CACD  according  to  the  fol¬ 
lowing  strategy:  a)  CACDH  is  run  and  a  user- defined 
treshold  is  chosen  interactively  in  order  to  extract  con¬ 
tours  of  interest;  b)  CACDL  is  run  while  no  user-defined 
threshold  is  required;  c)  a  logic  AND  operation  is  applied 
to  the  two  binary  contour  images  in  order  to  generate  one 
final  contour  image.  Therefore,  the  user  must  choose  one 
threshold  interactively.  Since  CACD  is  a  rather  robust 
and  data-independent  procedure,  this  threshold  may  vary 
slightly  with  the  SAR  image  to  be  processed. 

The  second  stage  automatically  extracts  segments  from 
non-closed  contour  polylines.  The  feature  extraction 
stage  automatically  extracts  segment-based  textural  fea¬ 
tures  to  be  processed  by  SART. 

When  SART  is  employed  to  process  data  sets  which 
combine  information  of  different  sources,  i.e.,  information 
characterized  by  different  semantics  and  dynamic  ranges, 
SART  enforces  the  development  of  a  structured  network 
systems.  In  particular,  each  SART  subnet  must  employ 
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one  user-defined  severity  threshold  to  deal  with  one  data 
source  at  a  time.  For  example,  in  order  to  process  the  first 
segment-based  data  set  described  above  (made  of  four 
statistics),  four  SART  subnets  must  be  developed.  The 
output  categories  resulting  from  these  independent  sub¬ 
nets  are  further  combined  into  macro- categories,  which 
are  4-tuple  of  subnet  categories. 

5  Experimental  results 

A  3-look  ERS-1  Precision  Image  (PRI)  of  the  Belling¬ 
shausen  Sea  located  in  Antarctica,  512x512  pixels  in  size, 
with  a  pixel  size  of  12.5  x  12.5  m,  acquired  November  14, 
1992  (©  ESA  1992),  is  shown  in  Fig.  1.  Fig.  2  shows  the 
output  of  CACDH,  and  Fig,  3  is  the  output  binary  im¬ 
age  generated  by  CACDL  (see  Section  4).  Fig.  4  shows 
the  superposition  (average)  of  Figs.  2  and  3.  Only  the 
pixels  which  appear  white  (local  maxima)  in  Fig.  4  are 
processed  by  the  segment  extraction  stage,  whose  out¬ 
put  is  shown  in  Fig.  5.  The  segment  extraction  stage 
features  some  typical  behaviors:  e.g.,  where  two  contour 
lines  which  ran  parallel  form  a  bottle  neck,  the  procedure 
starts  detecting  a  new  segment.  Fig.  5  features  6170  re¬ 
gions.  Fig.  6  is  the  output  of  SART  whose  inputs  are  the 
segment-based  statistics  extracted  from  Fig.  1  accord¬ 
ing  to  the  segments  described  in  Fig.  5.  Fig.  6  features 
5760  segments:  most  of  the  segments  which  have  been 
merged  with  adjacent  ones  actually  belong  to  contour 
pixels.  Since  SART  is  employed  in  a  conservative  way, 
in  order  to  avoid  undersegmentation,  some  bright  areas 
of  Fig.  1  appear  to  be  oversegmented  in  Fig.  6.  The 
oversegmentation  of  bright  areas  actually  stems  from  the 
fact  that  CACD  features  higher  sensitivity  at  the  upper 
values  of  the  gray-value  scale,  as  shown  in  Figs.  2  and  3. 

From  this  observation,  we  conclude  that  further  devel¬ 
opments  of  the  segmentation  procedure  should  improve 
the  neuron  transfer  function  employed  in  the  current  ver¬ 
sion  of  CACD.  Further  CACD  versions  are  expected  to 
lose  sensitivity  at  the  upper  values  of  the  gray- level  scale. 
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Abstract  -  In  the  Markov  Random  Field  (MRF)  region 
label  approach  for  Synthetic  Aperture  Radar  (SAR)  image 
segmentation  small  structures  may  be  lost.  This  is  due  to 
the  filtering  effect  of  the  MRF  region  label  model,  which  is 
desirable  in  homogeneously  labelled  areas  like  agricultural 
regions.  End-users  also  interested  in  resource  management, 
may  wish  to  preserve  the  small  structures  such  as  small 
roads  and  rivers.  To  this  end,  the  neighborhood  set  used  in 
the  MRF  region  label  model  has  been  made  adaptive,  based 
on  a  simple  Bayesian  network  (BN).  Results  using 
Synthetic  Aperture  Radar  (SAR)  data  show  that  an 
important  improvement  of  the  representation  of  small 
structures  is  possible  if  they  can  be  detected  to  some  extend 
using  the  Maximum  Likelihood  approach. 


INTRODUCTION 

The  main  drawbacks  of  SAR  image  segmentation  based 
on  the  MRF  region  label  model  are  that  fine  structures,  like, 
for  instance,  1-3  pixel  wide  line  segments,  usually 
disappear  and  region  borders  are  not  exactly  detected.  This 
is  the  cost  one  has  to  pay  for  the  hypothesis  that  the  image 
under  test  consists  of  homogeneously  textured  areas. 
Preserving  fine  structures  would  increase  the  effectiveness 
of  the  MRF  approach,  for  instance,  for  end-users  who  are 
thrown  on  the  use  of  SAR  data  for  the  cartography,  urban 
planning  and  the  analysis  of  agricultural  sites  [1,2]. 

The  mentioned  drawbacks  may  be  due  to  two  reasons. 
The  first  reason  is  that  the  statistical  image  model  is  not 
accurate  enough;  this  may  cause  confusion  at  region 
borders  as  well  as  close  to  fine  structures.  The  second 
reason  is  that  the  Markovian  property  is  usually  simplified 
through  a  configuration  of  adjacent  pixels,  whose  shape  is 
fixed  and  predefined  for  a  whole  image  [3]. 

The  peculiarity  of  the  present  paper  is  to  propose  the 
use  of  adaptive  neighborhoods  within  the  MRF  region  label 
approach,  as  they  contribute  to  a  better  preservation  of  fine 
structures  and  to  a  more  correct  detection  of  region  borders. 
In  the  literature,  neighborhood  sets  are  sometimes  chosen 
according  to  some  prior  knowledge  of  the  application 
domain,  but  they  cannot  be  changed  or  automatically 
adapted  during  processing. 


This  work  has  been  carried  out  as  part  of  the  European 
Community  Training  and  Mobility  for  Researchers  (TMR) 
program  and  has  been  financed  by  the  European 
Commission,  contract  number  ERBFMBICT950257. 
0-7803-3068-4/96$5.00©1996  IEEE 


SEGMENTATION  BASED  ON  AN  MRF  REGION 
LABEL  APPROACH 

The  Maximum  a-posteriori  probability  (MAP)  classifier 
adapted  from  [3]  includes  two  energy  terms.  One  term 
describes  the  imaging  process  (the  statistics  of  the  SAR 
data),  the  other  describes  the  imaged  objects  (the  MRF 
region  label  process). 

Statistics  of  the  SAR  data  Considering  the  measurement 
vector  Xg  =  [HH,  HV,  VV]^  at  the  pixel  site  s,  i.e.,  the 
vector  of  the  polarimetric  complex  amplitudes  measured  at 
the  site  s  of  the  polarimetric  radar,  we  can  express  the 
conditional  distribution  of  the  polarimetric  measurement 
vector  Xg ,  as  its  region  label  is  assumed  to  be  circular 
Gaussian,  as  follows: 

( Y,  IL,  =  l)  =  X*/C,-%  +  ln|c,^  I  (1) 

where  Cj  =  ^X*X^'jis  the  3  x  3  polarimetric  covariance 

matrix  of  the  training  data  of  the  class  1. 

MRF  region  label  model  The  imaged  objects  are 
considered  to  be  mainly  homogeneous  classes.  The 
application  of  the  MRF  region  label  model  is  justified  only 
if  the  true  region  label  of  each  pixel  depends  mainly  on  the 
neighbouring  labels.  In  this  case,  the  conditional 
distribution  of  the  region  label  L^,  given  the  region  labels 
elsewhere,  is  expressed  as  the  Gibbs  energy  function 

f/|(4  =  /  /  4,r  e  N^)  =  -  A  -  4). 

\^s  I  reN^ 

This  is  called  the  region  label  process,  where  6^  is  the 
Kronecker  delta  function  which  returns  the  value  1  if  is 

equal  to  and  the  value  0  otherwise;  is  the 

dimension  of  the  neighbourhood  The  region  label 

process  expresses  the  Gibbs  energy  function  of  the 
probability  that  the  pixel  site  s  has  a  label  Lg,  given  the 

labels  of  its  neighbourhood  In  the  experiments  that 

follow,  the  value  of  the  attraction  parameter  p  was  set  to 
1.4.  The  MAP  estimate  of  L,  expressed  in  terms  of  energy, 

minimizes  ^0' 

s 

THE  MRF  REGION  LABEL  PROCESS  WITH 
ADAPTIVE  NEIGHBOURHOOD  SYSTEMS 

In  an  MRF  region  label  process  defined  on  a  lattice  S,  a 
set  of  pbcels  c  N*  c  S  is  called  a  strictly  Markovian 
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neighbourhood  or  a  minimum  neighborhood  if  all  the 
elements  in  the  neighborhood  system  are  meaningful.  In  the 
following,  N“  will  be  called  the  adaptive  neighbourhood. 
To  test  whether  a  proposed  neighborhood  system  is 
efficient  or  not,  the  hypothesize-and-test  paradigm  is  used. 
The  hypothesis  can  be  formulated  as  follows.  Let  the 

proposition  A^  =  Nf  mean  "Nf  is  the  minimum 
neighborhood  in  the  Markovian  sense".  As  more  evidence 
is  gathered,  the  belief  value  BEL^N" )  of  each  proposition 

A=  iV"  changes.  Suppose  that  there  exists  an  extra  source  of 
knowledge  K  containing  information  about  the  image 
content.  Let  K*  represent  the  knowledge  about  a  subimage 
N*.  including  the  site  s.  Let  X*  and  L*  be  the  observations 
and  the  labels  assigned  to  the  subimage  N*,  respectively. 
In  this  case,  the  belief  function  can  derive  information  from 
three  resources:  the  observations  X*,  the  label  image  L*, 

and  the  knowledge  K*,  as  shown  in  Fig  1. 

Let  .),  be  the 
current  strengths  of 
the  causal  supports 
contributed  by 
incoming  links  to  A. 
A  causal  support 
represents  evidence 
propagated  forward 
from  the  parent 
nodes  to  their  sons. 

The  belief  updating  concerning  the  proposition  = 

C  N“  is  the  minimum  neighbourhood  in  the  Markovian 
sense")  is  given  by  the  formula 

BEL{n^)  =  yP(N"  /  xl,C.k*)n{C)n(xl)n(kl), 
where  y  is  ^  normalizing  constant  that  makes 
^  BEl{^N“  )  =  1.  Due  to  the  simplicity  of  this  Bayesian 

a 

belief  network  (the  nodes  and  L  do  not  have 

successors)  the  diagnostic  supports  are  set  to  1. 

/  Of  *,/*,**)  is  the  fixed  conditional  probability 

matrix  that  relates  the  proposition  A^  =  N“  to  its 

immediate  parents  /*,  and  k*.  To  the  causal  supports 
Xa  (. .)  a  function  is  to  be  assigned  that  properly  takes  into 
account  the  support  from  every  node,  i.e.,  from  every 
source  of  information.  Then,  a  connected  neighbourhood 
system  N“  c  N*  is  believed  to  be  Markovian  if 

Ve  56  a:  BEL[a“)  >  BEL[af). 

Focusing  attention  on  the  MRF  region  label  model 
again,  we  are  looking  for  a  set  of  pixels  that  are  Markovian 
neighbours.  To  reduce  the  computational  burden,  we  reduce 
heuristically  the  number  of  possible  neighbour  sets. 


F^.  1.  Interaction  between  the  prop. 
A  and  different  information  sources. 


Consider  the  case  where  we  have  additional  knowledge  K*, 
which,  for  instance,  may  be  a  digitized  and  registrated  map. 
In  the  experiments  that  follow,  the  neighbourhood  systems 
are  allowed  to  assume  five  different  shapes:  the  default  3x3 
system,  and  the  four,  5  pixel  long,  straight  lines  (\iy,-) 

crossing  the  site  s  .  F  (iVf  /  x* ,  /* ,  k* )  =  0.2  for  all  five 

propositions  Ai“,  a=0,  1,  ..,  4.  Since  S  €  iV“,  the  causal 
supports  have  positive  minima.  For  the  results  that  follow, 
the  causal  supports  /r^(..)  are  modelled  as  the  similarities 
of  the  information  (e.g.,  in  the  next  examples  the  label 
image,  and  eventually  other  knowledge)  at  the  site  s  (the 

pixel  under  test)  to  the  neighbouring  pixels:  (/* )  =, 


X5(4-/,),  ^S{k,-k,), 


reN" 


and  ;r^(x*)  =  1..  ITie  best  replaces  in  the  MRF 
region  label  model. 


RESULTS 

In  order  to  have  more  insight  in  the  success  and  failure 
of  the  BN  to  select  the  right  most  appropriate  Markovian 
neighborhood,  its  operating  characteristics  were 
determined,  using  two  corrupted  synthetic  images:  one  with 
a  certain  neighborhood  shapes  to  detect,  and  one  without 
[5].  Feeding  the  BN  with  400  shape  estimation  problems 
for  every  signal  to  noise  ratio  (SNR)  with  different 
(Gaussian,  additive)  noise  realizations,  we  obtained  the 
operating  characteristics  depicted  in  Fig.  2.  P(M)  indicates 
the  misdetection  probability  (i.e.,  the  right  neighborhood 
shape  has  not  been  selected),  and  P(F)  the  probability  of 
false  alarm  (i.e.,  the  neighbourhood  shape  has  been  selected 
when  in  redity  it  was  not  there).  The  evidence  strength 
used  to  produce  the  data  was  the  difference  between  the 
belief  value  of  the  expected  shape  and  the  belief  value  of 
the  best  shape  found,  excluding  the  expected  shape: 

da  =  BEL[a  =  N“]-  mm  BEL(^A  =  ) 

1.0 

0,8 


0,2 
0,0 

0,0  0,2  0,4  0,6  0,8  1,0 

P(M) 

Fig.  2.  Operating  characteristics  for  the  BN  neighbor¬ 
hood  shape  detection  algorithm. 
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From  the  operating 
characteristics  one  can  derive 
the  best  evidence  criterion  (i.e., 
the  best  threshold  for  the  belief 
difference)  for  various  SNRs. 
The  evidence  criterion  for  the 
performed  experiments  was  set 
to  0.012,  corresponding  to  a 
SNR  of  approximately  1.83. 

The  SAR  data  to  illustrate 
the  MRF-AN  approach  consist 
of  portions  of  the  L-band  image 
of  the  Flevoland  (NL)  scene,  HH  and  VV  polarization.  Fig. 
3  shows  the  training  areas  that  are  applied  to  calculate  the 
statistics  in  the  image  model  (1).  Simulated  Annealing  used 
300  iterations  to  minimize  the  MAP  criterion,  both  for  the 
MRF  and  for  the  MRF-AN  approach  [4].  Fig.  4  and  5  are 
two  sections  of  the  scene,  with  a)  and  b)  the  HH  and  VV 
polarizations,  respectively,  and  c)  to  e)  the  ML  result,  the 
result  of  the  MRF  approach  by  [3],  and  the  MRF-AN 


Fig.  4.  Detail  of  the  Flevoland  scene,  L-band.  a)  HH  and  b) 
VV  polarization.  Results:  c)  ML;  d)  MRF;  e)  MRF-AN. 


Fig.  5.  Detail  of  the  Flevoland  scene,  L-band.  a)  HH  and  b) 
VV  polarization.  Results:  c)  ML;  d)  MRF;  e)  MRF-AN. 


Visual  inspection  of  the  results  show  that  an 
improvement  of  the  preservation  of  small  structures  is 
achieved,  only  if  the  ML  approach  is  able  to  detect  these 
structures  to  some  extend.  Moreover,  using  conventional 
error  measures,  the  overall  accuracy  of  MRF-AN  is  slightly 
better  in  comparison  with  results  of  the  MRF  without 
adaptive  cliques. 

SUMMARY  AND  DISCUSSION 

The  presented  modification  to  the  MRF  region  label 
approach  for  segmentation,  called  MRF  region  label  model 
with  adaptive  neighbourhoods  (MRF-AN)  approach, 
concerns  die  integration  of  various  sources  of  information 
to  choose  the  shape  of  a  neighbourhood  that  is  the  most 
appropriate  for  the  local  image  around  the  pixel  site  under 
test.  The  choice  is  based  on  a  belief  value  of  the  proposition 
that  the  proposed  neighborhood  is  a  minimum  Markovian 
neighbourhood.  From  among  the  different  alternatives  of 
shapes,  the  one  with  the  highest  belief  value  is  chosen  to 
compute  the  MRF  region  label  process.  The  MRF-AN 
approach  is  enable  to  recover  1  and  2  pixel-wide  structures, 
and  allows  one  to  merge  different  sources  of  information. 
Although  P(F)  errors  in  the  neighborhood  detection  may 
introduce  disturbing  effects,  it  is  concluded  that,  for  the 
images  and  objects  of  interest  and  for  the  a-priori 
assumptions  made,  the  proposed  method  is  valid  and 
practically  feasible. 
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Abstract  -  This  paper  presents  a  promising  segmentation 
method  for  synthetic  aperture  radar  (SAR)  imagery  designed 
in  the  context  of  agricultural  remote  sensing  using  a 
morphological  region  based  image  analysis.  The  region  based 
approach  is  really  appropriate  for  land  use  applications  given 
that  land  cover  is  naturally  built-up  from  regions.  The 
method  is  divided  into  two  principal  steps  :  a  morphological 
image  partitioning  resulting  in  a  severe  oversegmentation  and 
a  further  region  growing  process  exploiting  information  from 
a  textural  edge  detector. 

INTRODUCTION 

Due  to  its  all-time  disposition  and  its  frequency  range,  SAR 
active  sensor  is  a  complementary  system  of  optical  sensors. 
Prior  to  exploit  this  complementarity,  it  is  necessary  to 
perform  the  registration  of  both  multisensor  images.  One 
interesting  solution  to  this  problem  is  to  establish 
correspondence  between  images  by  matching  invariant 
primitives.  Significant  contours  representing  salient  region 
boundaries  can  be  useful  stable  descriptors  in  the  image 
given  that  they  are  preserved  in  most  cases.  Ifs  with  the 
precise  objective  to  delineate  these  features  that  we  are 
interested  in  the  segmentation  of  SAR  images. 

We  propose  a  morphological  approach,  to  the  segmentation 
of  SAR  image,  consisting  of  an  initial  image  subdivision 
algorithm  refined  by  a  hierarchical  region  growing  process. 
The  merit  of  this  method  is  that  the  segmentation  process  is 
essentially  based  on  new  advanced  tools  derived  from 
mathematical  morphology,  a  theory  which  represents  a 
challenging  alternative  to  the  traditionnal  techniques  of  SAR 
image  analysis.  Indeed,  mathematical  morphology  is  very 
attractive  for  segmentation  in  so  far  as  it  can  efficiently  deal 
with  geometrical  features  such  as  size,  shape,  contrast  or 
connectivity  that  can  be  considered  as  region  oriented 
features.  Mathematical  morphology  provides  powerful  tools 
for  segmentation,  namely  the  watershed  transformation  [1] 
and  the  waterfall  algorithm  [2].  But  due  to  the  specific 
peculiarities  of  SAR  imagery  (speckle  noise,  strong  scene 
texture)  and  the  grey  level  based  nature  of  the  original 
morphological  segmentation,  the  proposed  method  can 
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involve  sequentially  running  a  chain  of  adaptive  tools  to 
prevent  the  severe  gradient  watershed  oversegmentation. 

DESCRIPTION  OF  THE  SEGMENTATION 

The  segmentation  method  decomposes  into  four  distinct 
phases  that  are  briefly  described  below.  It  uses,  at  the  most, 
techniques  of  morphological  origin.  The  three  first  steps, 
made  of  a  morphological  filtering  operator,  a  constant  false 
alarm  rate  (CFAR)  texture  edge  detector  combined  with  the 
watershed  transformation,  constitute  the  preliminary  part  of 
the  algorithm  resulting  in  a  systematic  over-fine 
segmentation.  The  last  phase  consists  in  the 
oversegmentation  removal  by  a  hierarchical  region  merging 
process  exploiting  the  output  of  the  previous  texture  edge 
detector.  It  will  allow  the  extraction  of  the  most  probable  real 
boundaries  in  the  image  separating  textured  fields. 

(1)  image  smoothing  :  the  purpose  here  is  to  smooth  the 
original  image  in  order  to  reduce  as  much  as  possible 
oversegmentation  effects  due  to  speckle  and  texture  while 
retaining  the  salient  image  edges.  Morphological  filters  by 
reconstruction  are  proved  to  be  attractive  for  this  task,  having 
the  property  of  simplifying  an  image  by  producing  flat  zones 
(i.e.  regions  of  constant  grey  level)  while  preserving 
efficiently  sharp  edges  due  to  a  fundamental  pyramidal 
property  related  to  the  flat  zones  connectivity  [3]. 
Morphological  filters  by  reconstruction  are  composed  of 
morphological  opening  and  closing  by  reconstruction.  A 
promising  filter  called  connected  alternating  sequential  filter, 
cascading  alternatively  morphological  openings  and  closings 
by  reconstruction  of  increasing  structuring  element  size,  was 
applied  to  average  out  speckle.  Directional  structuring 
elements  (from  (3x1)  to  (5x1))  defined  in  the  four  usual 
orientations  were  considered  to  preserve  as  much  as  possible 
strong  scatterers  or  structural  features  (e.g.  edges  or  lines)  in 
the  original  image. 

(2)  edge  detection  :  instead  of  applying  usual  gradient  edge 
detectors  based  on  the  difference  between  pixel  values  that 
used  to  fail  in  the  presence  of  speckle  noise,  a  more  suitable 
edge  detector  for  SAR  images,  is  chosen.  It  is  based  on  the 
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famous  coefficient  of  variation  (CV)  (i.e.  ratio  of  standard 
deviation  to  mean).  It  is  well  known  that  this  first  order 
statistical  parameter  is  a  good  indicator  of  texture 
heterogeneity  within  the  image  [4].  Indeed,  it  has  a  precise 
numerical  value  in  homogeneous  areas  where  only  texture 
speckle  exists  (e.g.  agricultural  fields).  Moreover,  it  is 
sensitive  to  the  presence  of  a  contour  irrespective  of  its 
direction.  The  larger  CV  is,  the  more  likely  there  exists  an 
edge  in  the  neighborhood.  Computed  in  a  (3x3)  window,  CV 
is  then  a  good  textural  edge  detector  on  which  the  watershed 
algorithm  can  be  directly  applied. 

(3)  waterfall  algorithm  :  the  watershed  transformation,  at  the 
basis  of  the  morphological  approach  to  segmentation  [1],  is  a 
very  fast  image  segmentation  method,  looking  like  a 
topographic  region  growing  process  by  its  construction 
mode.  Its  principle  is  as  follows  :  the  contours  of  an  image 
are  the  highest  crest  lines  of  its  gradient  module.  Therefore,  it 
is  most  often  performed  on  the  gradient  image  computed 
from  the  original  image  (i.e.  on  the  CV  edge  detector  output 
image  in  our  case).  As  the  watershed  algorithm  is  very 
sensitive  to  local  gradient  variations  (indeed,  it  precisely 
locates  the  contours  at  the  local  maxima  of  the  gradient  edge 
image),  it  generally  tends  to  produce  a  severe 
oversegmentation.  This  phenomenon  is  obviously  more 
pronounced  for  SAR  imagery  given  the  strongly  textured 
nature  of  a  SAR  image  and  even  its  morphologically  filtered 
gradient  version.  Ifs  the  reason  why  the  watershed 
transformation  is  not  operational  in  that  way  and  is  replaced 
by  a  constrained  watershed  (i.e.  the  waterfall  algorithm) 
regularizing  more  the  SAR  texture  edge  image  and  detecting 
much  less  contours  than  with  the  original  unconstrained 
watershed  version.  A  postprocessing  operator  is  nevertheless 
essential  for  a  SAR  image  given  the  actual  segmentation 
quality  level  (see  Fig.2).  At  this  stage,  the  image  is  divided 
up  into  a  large  amount  of  size-variable  connected  regions. 
One  interesting  solution  to  the  removal  of  the  remaining 
oversegmentation  is  to  extend  the  algorithm  by  a  region 
growing-type  segmentation  method  with  the  regions,  coming 
from  the  watershed  algorithm,  chosen  as  starting  germs  of  the 
region  merging  process. 

(4)  region  growing  :  it  consists  of  refining  the  previous 
segmentation  by  performing  a  hierarchical  iterative  region 
merging  process.  The  principle  is  as  follows  :  at  each 
iteration  of  the  process,  a  distance  (measuring  the  similarity 
between  adjacent  regions)  is  computed  for  all  regions  pairs 
and  we  decide  to  merge  exclusively  the  most  similar  pair  of 
regions.  As  the  watershed  transformation  produces  a  map  of 
closed  contours  that  most  of  them  are  unsignificant  and 
spurious,  a  solution  is  to  consider  the  textural  edge 
information  taken  on  the  contour  arcs  separating  waterfall 
regions  as  similarity  parameter.  The  textural  parameter  used 


to  measure  the  watershed  contours  strength  is  the  mean  CV 
of  the  pixels  along  the  common  boundary  of  watershed 
regions.  If  this  mean  CV  is  low,  it  means  that  the  contour  is 
irrelevant  and  located  in  a  homogeneous  region.  Otherwise, 
it’s  a  significant  and  informative  edge.  By  merging 
exclusively  the  regions  pairs  with  the  lowest  mean  CV  at 
their  border,  that  allows  us  to  merge  at  first  the  most  similar 
regions  without  modifying  the  sharpest  edges  in  the 
oversegmented  image.  The  process  is  iterated  until  a  prefixed 
number  of  regions  is  reached. 

RESULTS  AND  DISCUSSION 

The  segmentation  method  is  tested  on  the  SAR  7-look 
airborne  image  of  an  intensive  agricultural  scene  (Fig.l).  The 
result  of  the  initial  morphological  segmentation  (until  step 
(3))  is  showed  in  Fig.2.  Despite  the  high  level  of 
oversegmentation  due  to  the  strong  textured  nature  of  the 
SAR  image,  we  can  already  perceive  the  road  network  and 
the  separation  between  some  large  units  of  land  cover.  The 
Fig. 3  and  Fig.4  show  the  results  of  the  hierarchical  region 
growing  process  (step  4)  with  the  explicite  decreasing 
number  of  regions.  The  final  resulting  segmentation  (Fig.4)  is 
quite  faithful  with  respect  to  the  original  SAR  image  by 
delineating  the  boundaries  of  the  most  significant  texturally 
homogeneous  fields.  Finally,  these  works  underlined  the 
considerable  potentialities  offered  by  mathematical 
morphology  in  the  context  of  SAR  image  analysis.  Unlike  the 
usual  region  growing  methods,  this  algorithm  does  not  suffer 
from  the  blocky  region  boundaries  effect  due  to  the  initial 
morphological  segmentation  method  used. 
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Fig.3  :  draft  segmented  image  (1500  regions) 


Fig.4  :  final  segmented  image  (900  regions) 
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Abstract  -  A  microwave  scattering  formulation  is  pre¬ 
sented  for  grassland  and  other  short  vegetation  canopies. 
The  fact  that  the  constituent  elements  of  these  targets  can 
be  as  large  as  the  vegetation  layer  make  this  formulation 
problematic.  For  example,  a  grass  element  may  extend 
from  the  soil  surface  to  the  top  of  the  canopy,  an  thus  the 
upper  portion  of  the  element  can  be  illuminated  with  far 
greater  energy  than  the  bottom.  By  modeling  the  long, 
thin  elements  of  this  type  of  vegetation  as  line  dipole  ele¬ 
ments,  this  non-uniform  illumination  can  be  accounted  for. 

Additionally,  the  stature  and  structure  of  grass  plants 
can  result  in  situations  where  the  average  inner-product 
or  coherent  terms  are  significant  at  lower  frequencies.  As 
a  result,  the  backscattering  coefficient  cannot  be  modeled 
simply  as  the  incoherent  addition  of  the  power  from  each 
element  and  scattering  mechanism.  To  determine  these 
coherent  terms,  a  coherent  model  which  considers  scattered 
fields,  and  not  power,  is  provided. 

Finally,  a  major  component  of  the  grass  family  are  cul¬ 
tural  grasses,  such  as  wheat  and  barley.  This  vegetation 
is  often  planted  in  row  structures,  a  periodic  organization 
which  can  likewise  result  in  significant  coherent  scatter¬ 
ing  effects,  depending  on  the  frequency  and  illumination 
pattern.  Therefore,  a  formulation  is  also  provided  which 
accounts  for  the  unique  scattering  of  these  structures. 

INTRODUCTION 

When  applying  random  media  scattering  techniques  to 
grassland  canopies,  several  unique  problems  arise  which 
must  be  overcome.  Grassland  constituents  are  often  nei¬ 
ther  straight,  nor  circular  in  cross-section.  Thus,  it  be¬ 
comes  difficult  to  approximate  the  structure  of  grass  plants 
as  a  collection  of  simple  canonical  elements  where  the  scat¬ 
tering  is  well  known.  In  addition,  the  relative  position  of 
the  elements  often  cannot  be  described  as  uniformly  dis¬ 
tributed  throughout  the  canopy  layer.  Instead,  the  ele¬ 
ments  begin  at  the  bottom  of  the  scattering  layer  and  tra¬ 
verse  vertically  to  the  top.  The  position  of  these  structures 
are  only  slightly  random  in  the  vertical  dimension,  with  a 
variance  far  smaller  than  the  canopy  height.  An  additional 
result  is  that  the  coherent  wave  illuminating  the  element  is 
non-uniform,  that  is  the  intensity  of  the  wave  varies  from 
the  top  to  the  bottom  of  a  long  scattering  element. 

Finally,  perhaps  the  most  significant  problem  when  deal- 
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ing  with  grass  canopies  is  due  to  potential  for  the  scattered 
fields  from  dissimilar  elements  to  be  correlated.  As  a  result, 
the  total  scattering  power  cannot  be  reduced  to  a  summa¬ 
tion  of  the  scattering  power  from  each  separate  plant  ele¬ 
ment,  the  plant  structure  as  a  whole  must  be  considered 

[4]. 

ELEMENT  SCATTERING 


The  scattering  from  the  long,  thin  dielectric  elements 
found  in  grassland  canopies  can  be  attributed  to  electric 
line-dipoles  lying  along  the  cylinder  axis  [2,5].  The  total 
scattering  from  the  cylinder  can  be  thought  of  as  a  coherent 
addition  of  the  scattering  from  elemental  or  incremental 
dipoles,  each  with  a  dipole  moment  described  as 
The  dipole  moment  is  a  function  of  the  incident  electric 
field  along  the  element  axis,  as  well  as  a  function  of  the 
2-dimensional  polarizability  tensor  V2d‘  We  seek  to  find  a 
scattering  solution  for  a  line-dipole  element  embedded  in 
an  extinction  layer  (vegetation)  over  a  dielectric  half-space 
(soil) . 

This  formulation  will  consider  only  the  first  order  scat¬ 
tering  mechanisms,  of  which  there  are  four  [1].  The  total 
scattered  field  is  therefore  the  coherent  summation  of  these 
four  terms.  To  correctly  determine  this  value,  each  of  the 
four  scattering  mechanisms  must  be  referenced  to  a  single 
equi-phase  plane  (r  •  ko  =  C).  The  propagation  by  each  of 
the  four  scattering  mechanisms  can  be  modeled  as  a  sum 
of  two  complex  propagation  paths,  the  direct  path  and  the 
reflected  or  image  path.  Using  ray  optics,  the  propaga¬ 
tion  from  the  equi-phase  plane  (arbitrarily  taken  to  pass 
through  the  origin,  C  =  0)  directly  to  the  particle  is: 

$i(f')  =(fi  -  fp)  •  ko  +  (f'  -  fi)  •  ki 

=ri  ■  ko  +  (f'  -  fi)  ■  ki  (1) 


where  fi  defines  the  location  where  the  ray  intersects  the 
top  of  the  vegetation  layer,  and  fp  defines  the  location 
where  the  ray  intersects  the  equi-phase  plane.  Note  the 
boundary  is  assumed  to  be  diffuse,  and  refraction  is  not 
considered. 

The  propagation  along  path  1  is  therefore  described  as 
exp  [24>i(r')]  where  4>i(r')  is  a  complex  function  given  as: 


$i(r')  =  k^x'  +  kly' 


klz> 


+ 


ko  cos  9  cos  6 


(2) 
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Using  the  same  sequence  of  steps  as  shown  for  the 
image,  or  ground  bounce  term  is  found  to  be: 


^2{r')  =  k^x'  +  kly'  + 


kHz'  +  2d) 
^0  cos  9 


Jbi(2'  +  2d) 


cos  6 


(3) 


with  the  propagation  defined  as  iJexp  [2^2  (^0]-  The  value 
R  is  the  appropriate  complex  reflection  coefficient  for  the 
soil,  an  artifact  of  the  specular  ground  reflection  encoun¬ 
tered  by  this  image  path. 

These  two  propagation  expressions  can  be  used  in  combi¬ 
nation  to  determine  the  relative  propagation  of  the  coher¬ 
ent  electric  field  to  and  from  a  location  in  the  vegetation 
canopy,  for  any  of  the  four  first-order  scattering  mecha¬ 
nisms.  This  location,  for  example,  could  define  a  position 
on  a  line-dipole  element,  defining  therefore  an  incremental 
dipole  element. 

A  scattering  matrix  element  for  an  incremental  dipole 
with  polarizability  V2d  is  given  as: 

=  (4) 

where  S  is  an  element  of  the  scattering  matrix  for  re¬ 
ceive/transmit  polarizations  Xy  ^ind  P  is  the  complex 
3x3  polarizability  tensor  which  completely  defines  the 
scattering  of  a  dipole  element. 

This  incremental  dipole  lies  along  a  contour  defined  by 
the  long  element  upon  which  dipole  lies.  The  scattering 
from  a  complete  line-dipole  element  can  be  determined 
by  integrating  the  scattering  from  the  incremental  dipoles 
along  the  length  of  the  thin  element,  while  accounting  for 
the  complex  propagation  to/from  each  point  (r^)  on  the 
element: 


perhaps  the  most  significant  aspect  of  this  model  is  that 
it  accurately  represents  the  illumination  of  the  element  by 
the  coherent  wave.  Since  the  propagation  both  to  and  from 
an  each  arbitrary  point  on  the  scatterer  is  determined,  the 
effect  of  the  extinction  layer  on  the  scattering  element  is 
accurately  represented. 

WAVE  PROPAGATION 

The  complex  propagation  constant  describing  the  coher¬ 
ent  wave  in  a  medium  consisting  of  sparsely  populated  el¬ 
ements  can  be  expressed  as  =  ^0  —  where 

is  a  function  resulting  from  Foldy’s  approximation  and  de¬ 
termined  by  computing  the  average  forward  scattering  of 
the  constituent  elements  [3,pp.458-461].  However,  since  a 
Rayleigh  solution  was  used  to  determine  the  polarizability 
of  the  line  dipoles,  the  forward  scattering  solution  does  not 
reflect  the  losses  due  to  scattering.  Additionally,  the  line 
dipole  elements  may  be  of  similar  size  to  the  extinction 
layer,  thus  they  cannot  be  considered  “point”  targets  in  a 
scattering  volume. 

The  first  problem  is  solved  by  explicitly  determining  the 
scattering  loss  from  a  line- dipole  element.  As  the  elec¬ 
trical  length  of  the  element  becomes  large,  this  loss  be¬ 
comes  proportional  to  the  physical  length,  and  the  scat¬ 
tering  loss  can  be  expressed  in  terms  of  (unit  length)”^. 
The  2-dimensional  polarizability  tensors  can  be  modified 
to  reflect  this  loss: 


^2 

qn  _  ^0 

-  4^ 


•  'P2d{ri)  •  ■ipn(k')  exp 

(5) 


where  n  refers  to  the  parameters  associated  with  the  nth 
scattering  mechanism. 

Note  this  solution  provides  for  the  coherent  addition  of 
the  scattered  fields  for  each  of  the  four  first-order  scattering 
mechanisms(^^_j  5”^),  rather  than  the  scattered  power ^ 
the  parameter  most  often  evaluated.  The  importance  of 
this  can  be  seen  when  multiplying  this  sum  of  four  values 
by  its  complex  conjugate.  Sixteen  terms  will  result,  four  of 
which  represent  the  scattered  power  associated  with  each 
mechanism.  The  remaining  twelve  terms  are  the  “inner 
product”  values  which  can  significantly  increase  or  decrease 
the  total  scattering  power. 

Additionally,  note  this  is  not  a  solution  for  the  scatter¬ 
ing  of  a  thin  dielectric  element,  but  instead  of  a  dielectric 
element  in  an  extinction  layer  over  a  dielectric  half  space. 
The  eifect  of  the  extinction  layer  and  the  reflection  from 
the  half  space  are  comprehended  in  the  solution.  Finally, 


where  cos  9[  =  ki  •  i'  and  f '  defines  the  axial  direction  of  the 
incremental  dipole  element.  Utilizing  these  modified  val¬ 
ues  in  Foldy’s  approximation  will  provide  a  solution  which 
accounts  for  both  absorption  and  scattering  losses. 

Again  using  the  concept  of  an  incremental  dipole  ele¬ 
ment,  the  effective  propagation  constant  resulting  from  a 
collection  of  line  dipole  elements  can  be  computed.  We 
first  consider  a  layer  of  thickness  Az  with  a  collection  of 
line  dipole  elements  passing  completely  through  the  layer. 
The  section  of  each  line  dipole  element  passing  through 
this  layer  can  be  considered  an  elemental  dipole  with  po¬ 
larizability  tensor  The  particle  density  of  these 

elements,  defined  as  no  particles  per  unit  volume,  is  there¬ 
fore  no  —  Vepa/Az,  where  N^pa  is  the  average  number  of 
elements  intersecting  a  unit  area  of  the  layer.  Taking  the 
limit  as  Az  approaches  zero  leads  to  this  form  of  Foldy^s 
approximation: 
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PLANT  SCATTERING 


covariance  from  a  row  section  can  be  expressed  as: 


We  cissume  that  a  grass  plant  consists  of  a  stalk  which 
extends  from  the  soil,  with  a  grain  head  and  its  apex  and 
thin  leaves  originating  from  random  positions  along  the 
stalk.  The  scattered  field  from  a  grass  plant  can  thus  be 
expressed  as  the  coherent  sum  of  the  scattering  from  its 
constituent  elements: 


+ x;  s'^;^  ”  (10) 

n  =  l 

A  general  element  of  the  covariance  matrix  can  thus  be 
written  as: 

/  nplant  Q*plani\  _  /  ngrain  Q’^grainx  .  /  nstalk  Q*stalk\  , 

N 

^  ^  ^  ^  ^^grain  i^mstalk\^  ^^stalk  ^^grairis^ 

n-1 

+ ") + ”) + 

n=l  n=l 

''sr;n  +  + 

n=l  n=l 

(11) 

n  =  l  mjfn 


where  X'0  sind  A/z  represent  an  arbitrary  element  of  set 
{vv,vhjhvfhh}.  If  xV*  =  l^hen  the  covariance  matrix 
element  represents  real  scattered  power  with 

the  first  three  terms  of  (11)  providing  the  incoherent  scat¬ 
tering  power,  and  the  remaining  terms  providing  the  inner 
product  or  coherent  scattering  power.  Recall  each  term, 
such  as  likewise  represents  16  terms,  repre¬ 

senting  the  correlation  between  the  4  first  order  scattering 
mechanisms. 

If  the  plant  contains  four  leaves,  then  the  number  of 
terms  in  (11)  totals  576.  This  is  contrasted  to  an  inco¬ 
herent  formulation,  such  as  radiative  transfer,  where  just 
24  terms  are  considered.  Whereas  these  incoherent  terms 
are  certainly  the  most  significant,  the  question  remains 
whether  the  remaining  552  coherent  terms  are  insignifi- 
cant  when  taken  in  total.  Both  the  small  stature  and  the 
simple  structure  of  a  grass  plant  may  lead  to  conditions 
where  the  coherent  terms  are  important. 

CANOPY  SCATTERING 

Many  of  the  plants  comprising  the  grass  family,  such  as 
wheat  and  barley,  are  agricultural  crops  which  grow  not 
in  a  random  fashion,  but  instead  are  planted  in  straight, 
periodic  rows.  The  coherent  scattering  term  can  be  greatly 
influenced  by  this  structure,  and  thus  the  coherent  solution 
for  this  distribution  will  be  presented  here.  The  scattering 


/C^owQ*row\  _  Ar  /  nplant  pi  ant  \  , 

WxV'  /  + 

N,iNp  -  l)(5P'7‘)(5r;‘’"‘)(exp[t2^ofcp  •  (p.  -  Pm)])n^m 

(12) 

where  Np  is  the  number  of  plants  and  the  two  terms  can 
again  be  interpreted  as  the  incoherent  and  coherent  scat¬ 
tering  terms. 

The  scattering  from  an  area  A  encompassing  a  section  of 
row-structured  plants  can  likewise  be  modeled  as  the  scat¬ 
tering  from  a  collection  of  row  sections  located  at  = 
rXrow^i  where  Xrow  is  the  spacing  between  adjacent  rows 
and  r  is  an  integer  value: 


f  QCanopy  n* canopy 

\^x<p 


E  {5^7^rr)r  + 


r —  —  Nrow/  2 


^roxul^ 

E 

r=-Nr„ 


Nr<,«,/2 

E 

/2  s^  —  Nrovt/'^tr^s 


fQrow\  ic*row\  Xrou/fr  —  j) 

)r\Oxu 


(13) 


and  {S'^^)r  is  the  average  scattered  field  of  row  r.  The 
phase  term  in  equation  (13)  is  not  written  as  an  expected 
value,  as  the  rows  are  modeled  as  a  periodic  array  with 
spacing  Xrow  •  Because  of  this  periodicity,  the  rows  gener¬ 
ate  a  Bragg  scattering  phenomenon,  with  the  average  scat¬ 
tered  field  from  each  row  constructively  adding  in  phase  at 
a  set  of  specific  incidence  angles. 
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Abstract  -  The  validity  of  a  coherent  grassland  scatter¬ 
ing  model  is  determined  by  comparing  the  model  predic¬ 
tions  with  direct  measurements  of  a  representative  grass 
canopy.  A  wheat  field  was  selected  as  this  test  target,  and 
polarimetric,  multi-frequency  backseat tering  data  was  col¬ 
lected  over  an  entire  growing  season,  along  with  a  com¬ 
plete  set  of  ground-truth  data.  The  L-band  measured  data 
demonstrated  a  strong  dependence  on  azimuthal  look  direc¬ 
tion,  in  relation  to  the  row  direction  of  the  wheat.  The  C- 
band  measurements  likewise  resulted  in  interesting  backscat- 
tering  data,  with  actually  increasing  with  incidence 
angle  for  many  cases. 

The  coherent  scattering  model  provides  backseat  tering 
data  which  match  and  predict  these  measured  data,  and 
most  of  the  other  measured  data  quite  well.  The  model 
shows  that  at  L-band,  the  incoherent  scattering  power  alone 
is  insufficient  for  predicting  the  measured  results,  as  the  co¬ 
herent  terms  can  dominate  the  total  scattered  energy.  Ad¬ 
ditionally,  the  model,  which  accounts  for  this  non-uniform 
illumination  of  the  wheat  elements,  likewise  demonstrates 
the  peculiar  data  observed  for  C-band, 

INTRODUCTION 

During  the  summer  of  1993,  an  experiment  was  con¬ 
ducted  to  measure  and  quantify  the  microwave  scattering 
from  a  grassland  canopy.  Wheat  vegetation  was  selected  as 
a  representative  grassland  target,  as  a  wheat  plant  dramat¬ 
ically  and  continuously  changes  form  during  its  brief  grow¬ 
ing  period.  Thus,  each  measurement  opportunity  consisted 
of  observing  a  canopy  which  was  significantly  different  than 
the  previous  measurement.  Additionally,  polarization,  fre¬ 
quency,  incidence  angle,  and  azimuth  look  angle  were  all 
variables  at  which  multiple  data  points  were  collected. 

Along  with  the  scattering  data,  a  thorough  set  of  ancil¬ 
lary  data,  precisely  describing  the  grass  canopy  was  like¬ 
wise  measured.  AU  parameters  which  effect  the  microwave 
scattering  were  evaluated  and  quantified,  regardless  of  there 
ultimate  significance  to  remote  sensing  users.  This  com¬ 
plete  ground-truth  data  set  was  used  to  determine  the 
model  results  presented  in  this  paper,  no  free-parameters 
were  involved  and  the  data  was  not  “tweeked”  to  better 
match  the  measured  data. 

GRASS  MODEL 
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The  constituent  elements  of  a  grassland  canopy  are  pri¬ 
marily  long,  thin  dielectric  elements,  thus  they  can  be  mod¬ 
eled  in  an  electromagnetic  sense  as  line-dipole  elements. 
Furthermore,  these  elements  reside  in  a  vegetation  layer 
which  attenuates  and  modifies  the  coherent  incident  wave 
as  it  propagates  through  the  layer,  a  vegetation  layer  lo¬ 
cated  on  a  soil  surface.  Thus,  a  formulation  which  provides 
the  first-order  scattering  solution  for  a  line-dipole  element 
in  an  extinction  layer  over  dielectric  half-space  was  imple¬ 
mented  to  solve  the  scattering  from  grassland  vegetation 
[2]. 

The  structure  of  the  grass  plant  modeled  consists  of, 
completely  or  partially,  leaf,  stalk  and  grain  elements.  In 
many  cases,  grassland  constituents  are  modeled  as  straight 
elements  with  circular  cross-sections.  However,  grass  struc¬ 
tures  are  often  curved  elements  with  decidedly  non-circular 
cross-sections.  Using  the  line  dipole  element  model,  the 
scattering  effect  of  element  cross-section  can  be  accounted 
for  completely  by  a  two-dimensional  polarizability  tensor 
P2d-  For  blade-shaped  cross-sections,  the  tensor  elements 
have  been  determined  as  a  function  of  three  shape  param¬ 
eters  [1],  To  account  for  the  axial  curvature  displayed  by 
leaf  elements,  a  curve  was  defined  based  on  a  second  order 
polynomial. 

Added  to  these  parameters  were  values  required  to  sta¬ 
tistically  describe  the  orientation,  shape,  and  position  of 
the  leaf  elements.  As  a  result,  twenty  parameters  were 
required  to  specify  the  leaf  element  tilone.  Similar  de¬ 
scriptions  were  developed  for  the  other  elements,  providing 
physical  analogs  which  match  the  wheat  structures  with 
high  fidelity.  Additionally,  the  model  computes  the  coher¬ 
ent  scattering  terms  not  normally  accounted  for.  There¬ 
fore,  additional  statistically  parameters  were  required  to 
specify  physical  correlations  between  dissimilar  elements 
and  plants.  The  result  was  a  model  of  significantly  increase 
fidelity,  albeit  with  a  corresponding  increase  in  complexity. 

L-BAND  RESULTS 

The  measured  scattering  data  exhibited  a  strong  depen¬ 
dence  on  azimuth  look  angle,  with  significant  changes  from 
at  least  -40  to  40  degrees.  The  variation  is  similar  to  a 
sinx/x  pattern,  and  suggests  a  coherent  effect  in  the  data. 
Another  interesting  behavior  is  the  fact  that  this  variation 
is  quite  dependent  on  incidence  angle  with  the  maximum 
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azimuth  angle 


Fig.  1:  The  measured  and  modeled  backscattering  coeffi¬ 
cient  as  a  function  of  azimuth  angle  for  May  25. 

value  occurring  at  40  degrees  incidence.  This  provides  more 
evidence  as  to  a  coherent  effect,  as  the  first  Bragg  mode  for 
a  periodic  scatterer  with  the  wheat  row  spacing  (20  cm)  is 
approximately  40  degrees  at  L-band. 

For  example,  Figure  1  shows  at  an  incidence  angle 
of  40  degrees,  as  a  function  of  azimuth  angle.  The  model 
provides  a  good  match  to  the  measured  data,  but  the  true 
significance  of  the  results  are  seen  when  observing  the  lower 
two  traces  of  the  plots.  The  lowest  trace  is  that  of  the  in¬ 
coherent  scattered  power,  the  summation  of  the  scattered 
power  from  each  of  the  individual  elements  of  the  vege¬ 
tation  canopy.  This  quantity,  which  is  generally  used  to 
model  the  scattering  from  grass  vegetation,  is  as  much  as 
25  dB  in  error  from  the  measured  data.  Also  plotted  on 
the  graphs  is  the  total  plant  power,  that  is,  the  incoherent 
power  plus  coherent  terms  resulting  from  the  correlation 
between  dissimilar  mechanisms  or  elements  (row  coherence 
is  neglected).  Thus,  the  coherent  scattering  terms  not  only 
are  significant,  they  can  in  aggregate  be  much  greater  than 
incoherent  power. 

Note  the  coherent  effects  of  the  row  structure  are  de¬ 
pendent  on  the  illumination  of  the  wheat  canopy.  This 
leads  to  a  major  difficulty  which  arises  from  the  coherent 
effects  of  the  row  structure.  For  the  coherent  effect  from 
the  row  structure,  the  scattering  is  not  proportional  to  the 
illumination  area,  and  thus  different  sensors  will  measure 
different  values. 

Figure  2  displays  the  scattering  as  a  function  of  incidence 
angle  when  the  radar  is  looking  perpendicular  to  the  row 
structure  [<}){  =  0).  The  Bragg  scattering  effect  is  evident, 
peaking  at  40  degrees  and  then  falling  off  rapidly  as  in¬ 
cidence  angle  increases.  The  figures  likewise  display  the 
incoherent  scattering,  and  the  large  discrepancy  between 


incidence  angle  (degrees) 


Fig.  2:  The  measured  and  modeled  backscattering  coef¬ 
ficient  at  zero  degrees  azimuth,  plotted  as  a  function  of 
incidence  angle  for  June  10. 

the  incoherent  power  and  the  total  power  at  this  azimuth 
angle  is  quite  apparent. 

C-BAND  RESULTS 

The  C-band  radar  frequency  of  5.3  GHz  is  more  than  four 
times  the  center  frequency  of  the  L-band  data.  As  a  result, 
the  expected  value  of  the  coherent  terms  are  small  and  in¬ 
significant  when  compared  to  incoherent  scattering  data. 
The  measured  C-band  scattering  data,  however,  revealed 
an  interesting  phenomenon  when  plotted  as  a  function  of 
incidence  angle.  This  general  behavior  shows  initially 
decreasing  with  incidence  angle,  but  then  sharply  increas¬ 
ing  from  40  to  70  degrees.  For  several  test  days,  the  largest 
value  of  actually  occurs  at  70  degrees  incidence.  This  is 
in  marked  contrast  to  the  scattering  behavior  of  most  ran¬ 
dom  media,  where  decreases  monotonically  as  a  function 
of  incidence  angle,  as  does  in  this  data. 

Additionally,  the  scattering  data  reveals  something  about 
the  dependence  on  soU  moisture.  By  contrasting  backscat¬ 
tering  data  taken  both  before  and  after  a  significant  rain 
event,  we  note  that  the  horizontal  co-polarized  backscat¬ 
tering  coefficient  has  increased  on  the  second  day  for  every 
incidence  angle.  The  vertical  coefficient  has  likewise  in¬ 
creased  for  small  incidence  angles,  but  at  large  angles 
is  nearly  identical  for  both  sets  of  test  data.  The  inference 
derived  from  this  data  is  that  is  significantly  effected 
by  scattering  mechanisms  which  involve  scattering  from  the 
soil  surface.  The  same  is  true  for  at  small  incidence  an¬ 
gles,  however  at  incidence  angles  of  40  degrees  and  above, 
the  lack  of  sensitivity  indicates  that  the  direct  scattering 
from  the  vegetation  dominates  in  this  region. 

The  scattering  response  as  a  function  of  incidence 
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incidence  angle  (degrees) 


Fig.  3:  The  measured  and  modeled  backscattering  coef¬ 
ficient  -L  at  C-band,  plotted  as  a  function  of  incidence 
angle  for  May  17  (gb=  ground  bounce,  d=direct). 

angle  is  given  by  Figure  3  for  a  test  day  early  in  the  growing 
season.  No  single  scattering  term  dominates,  but  instead 
the  total  is  mainly  a  function  of  three  scattering  terms. 

The  measurements  suggested  that  is  sensitive  to  soil 
moisture  for  all  incidence  angles.  The  dominance  of  the 
ground-bounce  term  for  this  polarization  confirms  this,  as 
the  ground-bounce  scattering  is  directly  proportional  to 
the  reflection  coefficient  of  the  soil  surface.  However,  this 
value  is  likewise  dependent  on  the  size  of  the  wheat  veg¬ 
etation,  so  that  the  scattering  is  essentially  a  reflection  of 
both  biomass  and  soil  moisture. 

Fineilly,  recall  that  both  the  cross-section  shape,  as  well 
as  leaf  curvature,  are  considered  in  the  leaf  scattering  model. 
The  model  data  of  May  17  provides  an  excellent  opportu¬ 
nity  to  test  the  importance  of  this  added  fidelity.  The 
model  data  not  only  matches  the  measured  data  well  for 
this  date,  but  also  shows  that  the  leaf  scattering  is  the 
major  contributor  to  the  response.  Therefore,  the  data 
was  again  computed  with  leaves  of  the  same  cross-sectional 
area,  average  length,  and  angular  distribution  as  before, 
however  this  time  the  cross-section  was  assumed  to  be  cir¬ 
cular,  and  the  leaves  to  be  straight.  The  results  are  pro¬ 
vided  in  Figure  4,  and  graphically  demonstrate  the  tremen¬ 
dous  difference  between  the  two  cases. 

The  accuracy  of  the  model  predictions  for  vv  polariza¬ 
tion,  although  adequate,  did  not  match  that  of  the  hh  case. 
However,  the  general  response  of  the  scattering  is  matched 
well,  giving  insight  into  the  reasons  for  the  peculiar  concave 
response  exhibited  by  this  polarization. 

As  the  incidence  angle  increases,  the  attenuation  through 
the  vegetation  causes  the  ground-bounce  terms  to  dimin¬ 
ish,  and  the  scattering  decreases  to  a  minimum  at  approx¬ 


Fig.  4:  The  measured  and  modeled  backscattering  coeffi¬ 
cient  at  C-band,  evaluated  with  straight  leaves  of  cir¬ 
cular  cross-section. 

imately  40  degrees.  At  incidence  angles  at  40  and  above 
the  direct  scattering  from  the  grain  (with  a  little  from  the 
stalk)  increases,  again  forming  the  general  concave  shape  of 
the  scattering  response.  It  should  be  noted  that  the  model 
confirms  the  inference  from  the  measured  data,  that  at 
C-band  is  sensitive  to  soil  moisture  at  all  incidence  angles 
20  and  30  degrees  only 

X-BAND  RESULTS 

When  examining  this  data  at  X-band,  the  data  needs 
to  be  divided  into  vegetation  with  and  without  a  gredn 
head  element.  When  no  grain  head  exists,  the  model  dis¬ 
plays  a  good  match  to  the  measured  data  with  generally 
less  than  2  dB  error  for  all  data  points.  Conversely,  the 
model  data  for  the  days  where  the  grain  head  is  prevalent 
exhibits  very  poor  accuracy,  with  the  error  often  exceeding 
5  dB.  This  error,  particularly  when  compared  to  the  good 
performance  when  the  grain  is  not  present,  again  suggests 
that  the  grain  model  is  a  poor  estimator  of  grain  head  scat¬ 
tering  for  at  high  frequencies.  Additionally,  the  cross-pol 
data  at  all  frequencies  exhibited  significant  errors,  suggest¬ 
ing  that  second-order  scattering  terms  are  significant  for 
these  polarizations. 
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Abstract  --The  radar  backscatter  is  computed  from  a 
forest  by  using  two  different  techniques  and  the  results 
are  compared.  The  basis  for  the  comparison  is  tree 
architecture  information  obtained  by  Landry.  Using  his 
technique  the  coordinates  of  all  branch  nodes  of  the  tree 
are  reconstructed.  With  this  information,  the  backscatter 
is  computed  by  coherently  adding  up  the  backscatter 
from  individual  branch  links.  The  results  are  compared  to 
the  standard  statistical  approach  where  branches  are 
treated  independently  with  prescribed  orientation 
statistics.  The  procedure  is  applied  to  red  pine  and  jack 
pine  trees  at  L  band  frequencies.  The  results  show  that 
when  trunks  are  the  dominant  scatterers,  the  backscatter 
is  approximately  the  same  while  when  volume  scatter  is 
dominant,  differences  of  as  much  as  6  db  can  be 
observed. 

INTRODUCTION 

The  backscatter  modeling  of  forests  at  microwave 
frequencies  has  been  of  interest  for  many  years.  By 
treating  forests  as  a  two  layer  random  media,  statistically 
based  backscatter  formulas  have  been  derived  by  the 
distorted  Born  approximation  [1]  or  by  a  transport 
approach  [2].  Using  these  approaches  trunks,  branches, 
leaves  and  needles  are  replaced  by  lossy  dielectric 
cylinders  and  discs  with  prescribed  orientation  statistics. 

Investigators  have  tried  to  improve  upon  these  models 
in  two  directions.  First,  they  have  examined  coherence 
effects  between  scatterers.  They  have  considered  the 
coherent  interaction  between  cylinders  and  spheres  [3] 
and  the  enhancement  effect  of  parallel  trunks  [4].  The 
effects  of  scatter  shape  have  been  considered  by  Lang 
et  al  [5].  They  modeled  a  tapered  trunk  by  coherently 
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adding  cylindrical  sections  of  varying  size. 

Recently,  the  two  efforts  have  been  combined  in  a  tree 
simulation.  Using  data  obtained  by  Landry  et  al  [6],  Lang 
et  al  [7]  computed  the  backscatter  from  a  reconstructed 
red  pine  tree  by  coherently  adding  the  scatter  from  each 
cylindrical  segment.  This  procedure  not  only  accounted 
for  all  first  order  coherent  effects  between  scatterers  but 
also  accounted  for  the  tapering  of  trunks  and  the 
tapering  and  the  bending  of  branches. 

In  this  paper  we  will  compare  the  results  of  this 
simulation  method  to  the  results  one  obtains  by  using  the 
statistical  distorted  Born  model.  In  the  next  section,  a 
brief  review  of  the  architectural  tree  modeling  is  given. 
This  is  followed  by  short  discussions  of  the  simulation 
procedure  and  the  statistical  approach.  Finally,  a 
comparison  of  the  backscatter  coefficients  for  a  red  pine 
forest  and  BOREAS  jack  pine  trees  is  given  for  each  of 
the  two  methods. 

TREE  ARCHITECTURE  MEASUREMENTS 

Landry  has  developed  a  procedure  for  obtaining  the 
complete  architectural  description  of  a  tree.  The 
procedure  is  known  as  the  "Tree  Vectorization" 
technique  [5].  A  selected  tree  is  fallen,  cut  into 
manageable  sections.  These  sections  are  erected  in  a 
vertical  position  and  several  representative  branches  are 
chosen  for  vectorization.  A  surveying  instrument  is  used 
to  obtain  the  three  dimensional  coordinates  of  the 
branching  nodes  of  the  selected  branches.  In  addition, 
other  data  is  taken  on  trunk  and  branch  dimensions. 

This  information  is  used  in  a  reconstruction  process 
whereby  the  coordinates  of  all  branching  nodes  are 
generated.  The  reconstructed  nodes  are  not  exactly 
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those  of  the  original  tree  but  closely  resemble  it.  The 
simulated  tree  not  only  looks  like  the  real  tree  but,  on 
close  inspection,  has  the  detailed  characteristics  the 
mother  tree. 

The  methodology  has  been  used  to  measure  several 
tree  types.  Two  of  these  will  be  examined  in  this  paper. 
The  first  is  a  sixty  year  old  red  pine  (pinus  resiriosa) 
measured  in  the  Petawawa  National  Forest  located  in 
Chalk  River,  Ontario  Canada  (July,  1992).  The  second  is 
a  young  jack  pine  tree  (pinus  banksiana)  measured  in 
the  BOREAS  Southern  Study  Area  [8]  in  Saskatchewan, 
Canada  (August,  1995). 

SIMULATION  METHOD 

The  simulation  method  is  used  to  compute  the 
backscatter  from  a  stand  of  trees  over  a  rough  surface. 
The  stand  is  constructed  by  dividing  the  forested  area 
into  a  grid  and  by  placing  a  simulated  tree  at  each 
intersection.  Trees  are  given  a  random  azimuthal  rotation 
to  make  the  collection  appear  random.  Since  the 
positions  of  all  branch  nodes  are  known,  each  tree  can 
be  considered  to  be  a  collection  of  lossy  dielectric 
cylinders  whose  coordinates  are  known. 

The  scattered  fields  are  computed  by  coherently 
adding  the  scattered  field  from  each  cylinder.  Attenuation 
in  the  forest  medium  is  accounted  for  by  immersing  the 
stand  in  an  equivalent  medium  whose  properties  are 
calculated  using  a  form  of  the  Foldy  approximation. 
Direct  scattering  from  the  cylinders  and  scattering 
between  the  cylinders  and  the  ground  are  considered  but 
second  order  scattering  between  cylinders  is  not  taken 
into  account.  More  details  of  the  methodology  can  be 
found  in  Lang  et  al  [7]. 

STATISTICAL  TECHNIQUE 

In  the  treatment  of  scattering  from  a  forest  stand  by 
the  statistical  method,  the  forest  is  considered  to  be  a 
two  layered  random  medium.  The  upper  layer  is 
composed  of  randomly  oriented  dielectric  cylinders 
representing  branches  of  different  sizes  and  needles. 
The  lower  layer  consists  of  tapered  cylinders 
representing  trunks.  These  cylinders  may  extend  into  the 
upper  layer  but  for  the  purposes  of  scattering  are 
considered  to  be  members  of  the  trunk  layer.  The 
distorted  Born  theory  is  used  to  calculate  the  scattered 
fields.  The  method  only  considers  single  scattering  and 
all  scatterers  are  assumed  independent  of  each  other. 


One  difficulty,  in  appling  the  technique,  is  to  derive  the 
classes  of  cylinders  needed  to  represented  the  branches. 
There  are  many  ways  of  doing  this  and  it  is  not  clear 
which  is  the  best.  One  methodology  is  detailed  in  [1].  In 
this  paper  the  procedure  will  be  as  follows:  first,  break 
the  tree  up  into  branches,  second,  replace  each  branch 
by  a  cylinder;  third,  form  a  histogram  of  cylinder 
diameters,  fourth,  partition  the  histogram  into  classes 
and  choose  an  average  cylinder  from  each  class. 

When  breaking  the  tree  into  branches,  start  at  the  bole 
and  follow  each  primary  branch  to  its  terminus.  This  is 
not  always  a  unique  process  since  branches  fork  or 
make  sharp  turns.  Select  the  next  link  by  choosing  the 
branch  whose  diameter  and  direction  change  the  least. 
It  is  hoped  that  the  number  of  truly  ambiguous  cases  will 
be  small  compared  to  the  whole.  For  each  primary 
branch  follow  all  secondary  branches  to  their  termini  and 
so  on. 

For  each  branch  an  equivalent  cylinder  must  be 
chosen.  The  following  rules  will  be  used.  The  cylinder 
length  will  be  the  sum  of  the  branch  segment  lengths. 
The  branch  diameter  will  be  an  average  over  the 
segment  diameter  which  is  weighted  by  their  length.  The 
inclination  and  azimuth  angles  are  again  averages  over 
the  segment  angles  weighted  by  the  segment’s  length. 

Using  this  methodology  branch  classes  have  been 


chosen  for  the  red 

pine  and  jack 

pine  trees.  For 

example,  the  red  pine  branch  classes  are  shown  in 

Table  1. 

Table  1 

Branch  Type 

Diameter(cm) 

Length(cm) 

Secondary  1 

.32 

4.20 

Secondary  2 

.33 

19.3 

Secondary  3 

.47 

6.5 

Primary  1 

.75 

105. 

Primary  2 

1.05 

234 

Densities  have  been  computed,  as  well  as,  angular 
distributions. 

NUMERICAL  RESULTS 

The  comparison  of  the  two  methods  was  done  at  P 
and  L  band  frequencies  for  the  red  pine  tree.  The 
vectorized  tree  had  a  dbh  of  23.5  cm  and  a  trunk  height 
of  20.8  m.  The  needles  were  chosen  to  have  a  radius  of 
.06  cm  and  a  length  of  10.3  cm.  For  the  statistical  model 


the  crown  layer  thickness  was  7.1  m  and  the  trunk  layer 
was  15.1  m.  The  underlying  ground  had  a  surface 
roughness  of  2  cm  and  a  large  correlation  length  so  that 
incoherent  surface  scatter  contributed  in  a  measurable 
way  only  at  angles  below  5  degrees. 

The  results  of  the  comparison  are  shown  in  Fig.  1  for 
like  polarization.  The  plots  HHSIM  and  VVSIM  are  for  the 
horizontal  and  vertical  simulation  while  HHSTAT  and 
VVSTAT  are  for  the  horizontal  and  vertical  statistical 
method  respectively.  In  the  case  of  horizontal 
polarization  the  simulation  results  follow  the  statistical 
calculations  quite  closely  for  angles  less  than  65 
degrees.  In  this  range  of  angle,  the  double  bounce 
(direct-reflected)  is  the  main  contributor.  Since  both 
models  have  identical  trunks,  the  results  are  expected  to 
be  the  same. 

In  the  VV  case  the  attenuation  is  stronger  and  the 
direct  -reflected  term  is  only  important  for  angles  less 
than  35  degrees.  From  Fig.  1  it  is  seen  that  the 
simulation  results  are  somewhat  higher  than  the  results 
of  the  statistical  method  in  this  angular  region. 

For  angles  greater  than  65  degrees  for  HH  and 
greater  than  35  degrees  for  VV,  the  statistical  values  are 
higher  than  the  simulation  results.  In  this  region  direct 
backscatter  from  the  trees  is  the  main  contributor.  It  is 
observed  that  differences  between  the  two  results  can  be 
larger  than  5  db.  The  differences  are  due  to  the  different 
treatment  of  branches  in  each  case  and  possible 
coherence  effects. 

The  results  of  scattering  from  red  pine  at  P  band  are 
trunk  dominated  over  a  broader  range  of  angles.  The 
calculations  from  the  young  jack  pine  tree  show  that  the 
results  are  trunk  dominated  for  both  P  and  L  band. 
However,  in  a  real  situation  surface  scatter  becomes 
important  and  must  be  treated  more  carefully  to  obtain 
realistic  results.  This  implies  that  the  assumed  large 
correlation  length  used  in  the  red  pine  case  must  be 
lowered. 
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Abstract 

When  the  distances  between  branches  and  leaves 
are  not  far  away  or  a  wavelength  scale,  branches 
and  leaves  scatter  collectively.  Collective  scattering 
effects  depend  on  the  relative  locations  of  branches 
and  leaves  in  a  tree.  We  used  Stochastic  Linden¬ 
mayer  Systems  to  generate  trees.  The  tree  gener¬ 
ated  by  Lindenmayer  systems  has  the  realistic  ap¬ 
pearance  so  that  the  relative  locations  of  branches 
and  leaves  are  reasonably  represented.  The  wave 
scattering  by  branches  and  leaves  is  calculated  by 
using  coherent  addition  approximation  (CCA).  The 
scattering  of  rough  surface  and  that  of  grass  are  in¬ 
cluded.  The  scene  images  of  the  Lindenmayer  tree 
are  provided  for  vv,  hh,  hv  polarizations  at  L-band, 


1,  Introduction 

Wave  scattering  by  vegetation  has  been  studied  by 
using  independent  scattering  approximation  (Ind), 
coherent  addition  approximation  (CAA),  and  co¬ 
herent  mutual  interaction  model  (CIM)  in  previ¬ 
ous  papers[l-3].  It  was  shown  that  coherent  ad¬ 
dition  approximation  is  valid  for  most  problems  of 
wave  scattering  by  vegetation,  In  CAA,  the  relative 
phase  information  of  wave  scattering  from  branches 
and  leaves  is  retained,  and  the  structure  of  plants 
is  important.  Instead  of  using  the  pair-distribution 
function  which  is  difficult  to  obtain  for  vegetation, 
we  use  Lindenmayer  systems  to  generate  plants  and 
trees  which  are  quite  realistic  in  appearance  to  nat¬ 
ural  trees.  In  this  paper,  we  present  results  of 
scene  images  of  vegetation  at  microwave  frequen¬ 
cies  based  on  simulations.  Rough  surface  scatter¬ 
ing  effects  are  also  included.  The  scene  image  of 
the  tree  is  provided  for  vv,  hh,  hv  polarizations. 


2.  Formulation  and  Method 

Consider  a  tree  above  a  random  rough  surface  with 

(T) 

grass  around  it.  The  tree  scattering  coefficient 
is  calculated  by  using  coherent  addition  approxima¬ 
tion,  given  as 

A 

ibi=l 

+f^::\k,kiu)-Ra 
+R0  •  {ksdik) 

+R0  ■  ffdhkdMu)  ■  R.]?  (1) 

where  k)  is  the  scattering  amplitude  of  a 

branch  or  a  leaf.  R  is  the  modified  Fresnel  reflection 
coefficient,  in  which  the  roughness  effect  on  the  re¬ 
flection  is  included.  Nm  is  the  number  of  branches 
and  leaves  which  contribute  to  the  scattering  in  the 
pixel.  It  is  noted  that  for  the  SAR  image  with  fine 
resolution,  the  4  terms  in  Eq.  (2)  do  not  always 
contribute  a  pixel  simultaneouly  due  to  the  limited 
time  range.  So,  the  position  of  a  pixel,  the  azimuth 
resolution  and  range  resolution  together  determine 
whether  a  branch  or  a  leaf  has  contribution,  and 
which  term  contributes  to  the  pixel. 

The  wave  scattering  from  the  tree,  grass  and  rough 
surface  are  assumed  to  be  independent.  We  have 

<^0a  =  (^fa  +  (^) 

is  the  scattering  coefficient  of  rough  surfaces, 
which  is  calculated  by  using  KirchhofI  approxima- 
tion  or  small  perturbation  method  [1].  Grass  scat- 
tering  coefficient  a^p^  is  evaluated  by  using  grass 
independent  scattering  approximation. 
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3.  Results 


We  first  use  Lindenmayer  systems  to  generate  an 
evergreen  tree  as  shown  in  figure  1.  It  is  15.5  me¬ 
ters  high  with  7162  branches  in  which  there  are 
3577  end  branches.  A  leaf  is  attached  to  each  of 
the  end  branch. 

Figure  2  shows  the  scene  images  of  vv,  hh,  and 
hv  polarization  for  the  resolution  of  ImXlm.  The 
backgrounds  are  the  scattering  by  rough  surface 
and  grass,  which  is  the  sum  of  the  first  two  terms 
in  Eq.  (2).  They  are  obtained  by  generating  ran¬ 
dom  numbers  based  on  Rayleigh  distribution.  We 
can  see  main  features  of  the  tree  in  both  co-  and 
cross-  polarization.  However,  it  is  much  clearer  in 
hv  polarization  because  the  background  scattering 
due  to  rough  surface  and  grass  has  minimal  cross 
polarization. 
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Figure  1:  A  tree  generated  by  Lindenmayer  sys¬ 
tems.  It  is  15.5  meters  high  with  7162  branches. 


(a)  vv  polarization. 


(b)  hh  polarization. 


(c)  hv  polarization. 


Figure  2:  Simulated  scene  images  for  vv,  hh,  and 
hv  polarizations.  Incident  angle  is  45^.  Resolution 
is  ImXlm.  Frequency  is  1.25GHz. 
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Abstract  -  During  several  field  campaigns  in  spring 
and  summer  of  ’94,  the  NASA/JPL  airborne  syn¬ 
thetic  aperture  radar  (AIRSAR)  collected  data  over 
the  southern  and  northern  study  sites  of  BOREAS. 
Among  the  areas  over  which  radar  data,  were  col¬ 
lected  was  the  young  jack  pine  (YJP)  tower  site, 
which  is  generally  characterized  as  having  short  (2-4 
m)  but  closely  spaced  trees  with  a  dense  crown  layer. 
In  this  work,  we  use  the  AIRSAR  data  over  this  YJP 
stand  from  several  different  dates,  and  estimate  the 
dielectric  constant  and  hence  the  moisture  content  of 
its  branch  layer  components.  This  is  accomplished 
by  applying  a  nonlinear  estimation  algorithm  to  the 
data  assuming  a  parametric  model  of  scattering  de¬ 
rived  from  a  discrete- component  forest  model.  The 
results  thus  obtained  show  how  the  environmental 
conditions  affected  the  moisture  state  of  this  for¬ 
est  stand  over  a  period  of  six  months.  The  results 
are  compared  to  the  available  ground-truth  measure¬ 
ments  of  moisture  content  and  dielectric  constant. 

1.  INTRODUCTION 

The  area  used  for  this  work  is  part  of  a  larger  re¬ 
gion  used  in  the  boreal  ecosystem  atmosphere  study 
(BOREAS)  project  [1].  During  several  focused  and 
intensive  field  campaigns  in  1994,  SAR  images  were 
acquired  over  BOREAS  study  sites  with  the  inten¬ 
tion  of  mapping  forest  types  and  estimating  param¬ 
eters  important  in  ecosystem  modeling.  The  images 
we  have  chosen  in  this  study  were  acquired  over  an 
area  containing  primarily  jack  pine  stands:  young 
jack  pine  (YJP)  at  a  regeneration  stage  with  av¬ 
erage  age  of  10-15  years,  and  old  jack  pine  (OJP) 
with  average  age  of  65  years.  These  are  located  in 
the  BOREAS  Southern  study  area  (SSA),  near  the 
Prince  Albert  National  Park  in  Saskatchewan. 

The  images  were  obtained  with  the  NASA/JPL 
airborne  synthetic  aperture  radar  (AIRSAR),  which 
measures  polarimetric  C-,  L-,  and  P-band  backscat- 
tering  data.  In  this  work,  we  have  chosen  data  from 
six  different  dates:  17,  20,  and  26  April,  11  June, 
28  July,  and  20  September.  The  three  April  data 
sets  are  chosen  since  they  present  the  changes  taking 
place  during  the  thaw  season.  The  remaining  three 
data  sets  represent  the  state  of  the  forest  during  the 
spring  and  summer  growing  seasons. 
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The  young  jack  pine  (YJP)  stand  was  well  char¬ 
acterized  by  performing  comprehensive  ground  truth 
measurements.  The  parameters  measured  are  re¬ 
lated  to  the  structure  and  architecture  of  the  for¬ 
est  canopy,  which  are  slowly  varying  functions  of 
time,  and  on  smaJl  time  scales  (days,  weeks,  or  even 
months),  not  dependent  on  environmental  conditions 
such  as  temperature  and  precipitation.  To  study 
the  interaction  of  the  forest  stand  with  atmosphere, 
energy  exchanges,  and  growth  rate,  it  is  necessary 
to  measure  parameters  which  are  more  dynamically 
related  to  changes  in  the  environmental  conditions. 
One  such  parameter  is  the  moisture  content  of  the 
canopy,  which  is  directly  related  to  the  dielectric  con¬ 
stant  of  the  forest  canopy  components,  and  hence 
can,  in  principle,  be  studied  with  scattering  mea¬ 
surements  using  SAR. 

In  this  work,  our  goal  is  to  determine  the  mois¬ 
ture  state  (water  content)  of  the  branch  layer  in  the 
YJP  forest  by  inverting  dielectric  constant  values 
from  SAR  data.  The  methodology  can  be  summa¬ 
rized  as  follows: 

1.  Assuming  the  backscattered  field  is  mainly  due 
to  branch  layer  volume  scattering,  derive  para¬ 
metric  models  that  relate  the  radar  backscat¬ 
tered  cross  section  for  multiple  frequencies  and 
polarizations  to  the  complex  dielectric  constant 
of  branch  layer  components.  Since  the  YJP  for¬ 
est  has  a  rather  dense  crown  layer,  at  C-  and  L- 
bands  the  backscattering  cross  section  is  almost 
entirely  due  to  branch  layer  volume  scattering. 

2.  Given  the  parametric  models,  use  a  nonlinear 
optimization  scheme  to  derive  the  real  and  imag¬ 
inary  parts  of  the  dielectric  constant  using  SAR 
data  from  each  of  the  six  data  takes. 

2.  PARAMETRIC  MODELS 

The  backscattered  field  from  a  forest  contains 
contributions  from  four  major  sources:  forest  floor, 
trunk-ground  and  branch-ground  double-bounce,  and 
branch  layer  volume  scattering.  Since  only  a  lim¬ 
ited  number  of  measurements  are  available  for  each 
pixel,  we  consider  cases  where  the  scattered  fields  are 
mainly  due  to  one  mechanism,  so  that  the  number  of 
unknowns  is  reduced.  Here,  we  will  focus  on  branch 
layer  volume  scattering,  which  can  be  shown  [2]  to 
be  dominant  in  the  YJP  site  for  L-  and  C- bands. 
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To  derive  a  parametric  model  for  volume  scat¬ 
tering  from  branches,  we  used  a  discrete  component 
forest  scattering  model  [3],  defined  a  forest  as  char¬ 
acterized  by  our  ground  truth  measurements  of  YJP, 
and  calculated  the  radar  backscatter  for  L-  and  C- 
bands  for  all  polarizations  as  the  real  and  imaginary 
parts  of  the  dielectric  constant  of  branch  layer  con¬ 
stituents  were  varied.  A  sample  of  synthetic  data 
such  generated  is  shown  in  Figure  1.  Parametric 
curves  in  the  form  of  polynomials  were  used  to  fit  the 
data.  Once  the  coefficients  of  these  two-dimensional 
polynomials  are  found,  they  can  be  used  in  an  es¬ 
timation  algorithm  to  retrieve  the  unknowns  from 
SAR  data. 

3.  ESTIMATION  ALGORITHM 

The  estimation  technique  (also  loosely  referred 
to  as  inversion  technique)  is  a  nonlinear  one,  since 
the  data  and  unknowns  are  related  via  nonlinear 
functions,  in  this  case  polynomials  of  order  up  to  4, 
The  parameter  estimates  are  obtained  by  defining  a 
least  squares  criterion  based  on  minimizing  the  dis¬ 
tance  between  data  and  model  calculations,  and  is 
carried  out  in  an  iterative  fashion,  each  time  updat¬ 
ing  the  solution  for  the  unknowns  until  an  accept¬ 
ably  small  error  is  reached.  Issues  of  concern  are 
the  method  of  calculating  direction  and  step  length 
in  the  direction  of  solution  update  at  each  itera¬ 
tion,  and  incorporating  the  statistics  of  data  and 
unknowns  in  the  estimation  procedure.  Here,  we 
have  used  a  preconditioned  conjugate  gradient  al¬ 
gorithm  to  carry  out  each  iteration  of  the  solution. 
The  statistics  of  the  problem  are  taken  into  account 
through  appropriate  covariance  operators. 

This  algorithm  was  tested  using  synthetic  data, 
and  it  was  found  that  the  estimation  error  for  ’’typi¬ 
cal”  values  of  unknowns  is  small  (about  5%),  and  no 
more  than  25%  overall. 

4.  RESULTS 

Figure  2  shows  a  sample  (C-VV)  of  the  variation 
in  radar  backscatter  over  the  six  data  take  dates. 
The  above  inversion  algorithm  was  applied  to  the 
BOREAS  YJP  data.  The  results  are  summarized  in 
Figures  3(a)  and  3(b).  These  figures  show  the  gener¬ 
ally  increasing  trend  of  both  the  real  and  imaginary 
parts  of  the  dielctric,  although  each  in  a  different 
fashion.  The  real  part  decreases  at  the  last  data 
take.  These  will  be  discussed  at  the  presentation. 

To  our  knowledge,  specific  measurements  or  mod¬ 
els  relating  the  moisture  content  of  the  branch  layer 
to  the  dielectric  constant  of  its  components  do  not 
exist  for  the  YJP  forest.  However,  similar  data  exist 
for  other  types  of  conifers  relating  the  trunk  dielec¬ 
tric  constant,  as  a  function  of  radial  distance  into  the 
trunk,  to  its  moisture  content  [4].  Based  on  these 
measurements  and  moisture  content  data  obtained 
for  the  YJP  forest  in  the  summer  of  1994,  the  values 
shown  in  Figure  4  were  obtained. 


5.  CONCLUDING  REMARKS 

An  inversion  algorithm  based  on  a  nonlinear 
least-squares  estimation  was  used  to  invert  a  sub¬ 
set  of  forest  parameters  from  a  parametric  model. 
This  model  was  derived  from  a  discrete  component 
forest  scattering  model,  and  was  constructed  for  the 
volume  scattering  case.  The  free  parameters  were 
the  real  and  imaginary  part  of  the  dielectric  con¬ 
stant  of  branch  layer  components.  The  algorithm 
was  first  tested  and  validated  with  synthetic  data 
and  later  applied  to  six  data  sets  from  the  BOREAS 
YJP  site.  The  results  clearly  indicate  the  distinct 
moisture  states  of  the  forest  canopy  at  the  dates  of 
the  data  takes. 

This  inversion  algorithm  will  later  be  extended 
to  cases  where  a  larger  set  of  forest  parameters  will 
be  treated  as  unknowns,  using  the  same  method¬ 
ology  as  described  here.  In  its  current  form,  this 
could  be  a  valuable  tool  for  monitoring  the  change 
in  canopy  moisture  states  for  various  forest  stands 
over  short-  or  long-term  temporal  scales. 
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Abstract  --  In  this  paper,  we  present  a  statistical  analysis  of 
multiffequency  and  multipolarisation  SAR  data  acquired  over 
mangrove  forests  of  French  Guyana.  A  large  SAR  data  set, 
acquired  by  both  spacebome  (ERS-1,  JERS-1,  SIR-C)  and 
airborne  (NASA/JPL  AIRSAR)  systems  has  been  collected. 
Different  test  sites  were  selected  in  French  Guyana,  in  order 
to  picture  the  successionnal  stages  of  mangrove  dynamics, 
characterized  by  their  specific  floristic,  structural  and 
functionning  parameters.  Intensive  field  measurements  were 
performed  over  these  sites.  Standing  biomass  values  are  then 
derived.  This  data  set  is  used  to  assess  the  capability  of  SAR 
systems  to  retrieve  structural  parameters  of  mangrove  forests. 
Here,  statistical  relationships  between  AIRSAR 
multipolarisation  data  and  mangrove  parameters  are  shown. 


INTRODUCTION 

Mangrove  forests  grow  exclusively  in  the  intertidal  zone, 
with  an  extent  of  about  10  millions  hectares  throughout  the 
intertropical  regions.  In  spite  of  being  considered 
economically  and  scientifically  of  prime  importance, 
mangrove  forests  are  the  less  well  known  terrestrial 
ecosystems,  and  particularly,  their  functionning  and 
associated  dynamics  have  rarely  been  studied.  This  lack  of 
fundamental  information  can  be  explained  by  the  difficulties 
encountered  during  field  studies  in  such  media.  The 
monitoring  of  the  mangrove  dynamics  can  be  advantageously 
undertaken  by  using  remote  sensing  systems.  However,  a 
quasi-permanent  cloud  cover  over  the  regions  considered 
does  not  allow  repetitive  observations  to  be  performed  with 
the  sensors  operating  in  the  visible  and  near  infrared  domain. 
In  this  context,  information  delivered  by  imaging  radars 
deserve  our  attention  since  SAR  systems  have  already  been 
successfully  used  for  mapping  and  discriminating  between 
different  flooded  forests  and  low  vegetation  canopies  [1].  In 
this  paper,  we  present  a  statistical  analysis  of 
multipolarisation  AIRSAR  data  versus  French  Guyanese 
mangrove  parameters. 
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TEST  SITE 

Description 

The  French  Guyanese  coast  can  be  seen  as  a  uniform 
mangrove  forest  stretching  over  350  km  long  and  only  1  to  2 
km  wide,  with  a  total  extent  of  about  70  000  hectares.  In 
French  Guyana,  only  three  mangrove  species  can  be  found  : 
the  grey  mangrove  (Laguncularia  racemosd),  the  white 
mangrove  {Avicennia  Germinans)  and  the  red  mangrove 
(Rhizophora  Mangle)  [2].  The  colonization  of  coastal 
mudbanks  by  the  mangrove  forest  starts  with  the  grey 
mangrove.  Along  a  transect  from  the  sea  onto  the  land,  the 
canopy  height  and  the  standing  biomass  of  the  grey 
mangrove  increases  progressively  whereas  tree  density 
decreases.  As  we  move  farther,  the  white  mangrove  is 
encountered;  this  latter  progressively  eliminating  the  first 
species.  The  farther  we  move  away  from  the  sea,  the  older  is 
the  population  of  Avicennia  Germinans.  The  canopy  height 
and  standing  biomass  thus  continue  to  increase  as  tree  density 
decreases.  At  this  development  stage,  which  can  be 
considered  as  the  mature  stage,  the  mangrove  canopy  is  a 
monospecific  forest  characterized  by  a  height  of  about  25- 
30m.  Then  as  trees  increase  in  height  and  decrease  in  density, 
other  species  are  observed  like  the  red  mangrove.  Farther  on, 
the  mangrove  forest  disappears  and  is  replaced  by  a  flooded 
forest.  The  disappearence  of  the  mangrove  forest  can  also 
occur  in  a  different  way  leading  to  swamps  or  lowland  forest. 
Along  the  Guyanese  coast,  in  several  locations,  decaying 
mangrove  zones  covered  by  dead  trunks  of  the  white 
mangrove  can  be  observed.  In  short,  the  dynamics  of 
mangrove  forests  of  French  Guyana  can  be  characterized  by 
4  development  stages  as  follows  :  1)  mangrove  establishment 
and  early  growth  stage,  2)  mature  stage,  3)  senescent  stage 
and  transformation  into  flooded  forests  and  swamps,  4) 
decaying  and  dead  mangrove.  These  different  stages  are 
situated  almost  parallel  to  the  coast.  Mapping  Guyanese 
mangrove  forests  has  previously  been  presented  elsewhere 
[3];  Here,  emphasis  is  put  on  the  retrieval  of  structural 
parameters,  including  aboveground  biomass. 
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SAR  Data  Acquisition 

The  test  site  was  imaged  on  June  1 1,  1993  by  the  NASA/JPL 
AIRSAR  instrument  at  P-  (0.44  GHz),  L-  (1.25  Ghz)  and  C- 
bands  (5.3  Ghz),  in  four  combinations  of  polarization  (HH, 
VV,  HV,  VH).  Data  was  collected  at  a  mean  incidence  angle 
of  35°.  The  compressed  delivered  data  was  calibrated  using 
the  POLCAL  method  developped  by  JPL  [4].  Intensities  at  P- 
,  L-,  C-bands,  phase  differences,  coherence  degrees  were 
then  derived. 

Ground  Data  Collection 

Ground  data  have  been  collected  on  an  extensive  basis  for  the 
general  characteristics  of  the  test  sites  including  delineation 
of  mangrove  forest,  inventory  of  species,  vegetation  and  soil 
characteristics.  Allometric  relationships  between  tree  d.b.h 
(diameter  at  breast  height)  and  tree  height  and  biomass  by 
part  (leaves,  branches  and  trunks)  were  derived  from  in  situ 
measurements  [5].  Furthermore  along  a  selected  transect, 
density  of  trees,  tree  heights  and  distribution  of  tree 
diameters  were  measured.  Then,  aboveground  biomasses 
were  estimated  using  the  allometric  equations.  The  transect 
was  divided  into  11  large  plots  representative  of  different 
development  stages  of  mangrove  forests. 

DATA  ANALYSIS  AND  RESULTS 

Only  intensities  at  P-,  L-  C-bands  are  analysed  as  a  function 
of  structural  parameters  (tree  diameters,  tree  heights,  density 
of  trees  and  basal  area)  and  above  ground  biomass  by  part 
(foliar,  branches,  trunk,  total  biomass). 

Correlations  with  Mangrove  Characteristics 

Table  I  shows  linear  correlation  coefficients  between  radar 
parameters  and  mangrove  structural  parameters  ,  i.e.  tree 
diameter  (d.b.h),  tree  height,  tree  density  and  basal  area. 
Overall,  the  bests  results  are  obtained  for  the  cross 
polarizations,  P-HV,  L-HV,  C-HV.  Particularly,  for  the  three 
frequencies,  a  correlation  coefficient  r^of  about  0.89  is  found 
with  tree  density  The  best  estimator  for  tree  height  is  given 
by  P-VV  (r^  =  -0.65).  The  minus  sign  show  a  negative 
correlation  expressing  the  attenuation  of  signal  due  to 
increasing  tree  height. 

As  an  illustration.  Figure  1  shows  the  relationships  between 
P-band  backscattering  coefficients  and  tree  basal  area. 

Correlation  with  Biomass  Quantities 

P-HV  configuration  shows  the  highest  correlations  with  the 
dry  biomass  quantities,  from  0.65  for  foliar  biomass  to  0.82 
for  branch  biomass  (Table  II).  L-HV  and  C-VV  have  the 


second  highest  correlations  (higher  than  0.73  and  0.68 
respectively)  at  the  exception  of  foliar  biomass  (0.56  and 
0.63).  The  weakest  correlations  are  found  for  L-HH  and  L- 
VV  configurations. 


Figure  1  :  P-band  response  versus  basal  area 


Diameter 

Height 

Density 

Basal  Area 

C-HH 

0,67 

0,47 

-0,47 

0,44 

C-W 

0,72 

0,58 

-0,69 

0,54 

C-HV 

0,53 

0,54 

-0,89 

0,45 

L-HH 

0,31 

0,03 

0,03 

0,02 

L-W 

0,27  j 

0,02 

0,32 

-0,07 

L-HV 

0,77 

0,60 

-0,89 

0,58 

P-HH 

0,41 

0,29 

-0,83 

0,31 

P-W 

-0,50 

-0,65 

0,78 

-0,57 

P-HV 

0,69 

0,52 

-0,89 

0,56 

Table  I  :  Correlation  Coefficients  between  radar  data  (for  C-,  L-,  P-bands 
respectively,)  and  structural  parameters  of  mangrove  forests. 


Bfoliar 

Bbranch 

Btrunk 

Btotal 

C-HH 

0,49 

0,73 

0,69 

0,70 

C-W 

0,56 

0,78 

0,73 

0,74 

C-HV 

0,41 

0,45 

0,41 

0,43 

L-HH 

0,11 

0,23 

0,22 

0,23 

L-W 

0,00 

0,23 

0,20 

0,20 

L-HV 

0,63 

0,79 

0,68 

0,73 

P-HH 

0,42 

0,53 

0,46 

0,49 

P-W 

-0,45 

-0,43 

-0,31 

-0,36 

P-HV 

0,65 

0,82 

0,74 

0,78 

Table  II :  Correlation  Coefficients  between  radar  data  ( for  C-,  L-,  P- 
bands  respectively)  and  aboveground  dry  biomass. 

Figures  2,  3  and  4  shows  a  variations  for  all  the  frequencies 
and  polarizations  versus  total  aboveground  biomass.  Overall, 
(7°  increases  with  biophysical  quantities,  except  for  low 
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biomass  levels,  v^here  VV-  polarized  P-Band  response 
decreases.  This  might  be  explained  by  the  attenuation  of 
ground  component  with  increasing  standing  biomass.  The 
saturation  levels  are  about  50  tDM/ha,  130  tDM/ha,  160 
tDM/ha  at  C-,  L-,  P-bands,  respectively. 

The  largest  dynamics  in  a°  are  observed  for  all  the  HV- 
polarized  bands  (about  6  dB  at  P-band). 

A  stepwise  multiple  linear  analysis  reveals  that  the  best 
estimation  of  total  dry  biomass  is  obtained  with  P-HV 
configuration  as  described  as  follows  : 

Log(  Bt )  =  4.63  +  0.161  a°P-HV  (r^==0.84) 

CONCLUSION 


Figure  2  :  C-band  response  versus  total  aboveground  biomass 


In  this  study,  we  have  presented  a  preliminary  analysis  of 
SAR  data  versus  biophysical  properties  of  mangrove  forests. 
HV-polarized  bands  show  the  highest  correlations  with 
structural  parameters  and  aboveground  biomass. 
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Figure  3  :  L-band  response  versus  total  aboveground  biomass 


Figure  4  :  P-band  response  versus  total  aboveground  biomass 
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Abstract  -  Polarimetric  data  collected  by  AIRSAR  and  SIR-C 
/  X-SAR  over  the  Italian  Montespertoli  site  are  analyzed  with 
the  purpose  of  evaluating  the  potential  of  multifrequency 
SAR  in  discriminating  crops  and  estimating  vegetation 
biomass. 

INTRODUCTION 

Discriminating  among  the  various  vegetation  species  and 
retrieving  biomass  are  two  major  application  objectives  of 
radar  remote  sensing.  Results  from  previous  investigations 
indicated  that  a  combined  use  of  P-,  L  -  and  C-  bands  allows 
one  to  separate  several  classes  of  crop  covers  and  to  monitor 
vegetation  biomass  [1].  In  this  paper  the  experiments  carried 
out  at  Montespertoli  are  briefly  described:  information  is 
given  about  site  characteristics,  ground  measurements  and 
radar  parameters;  the  backscattering  coefficients  measured 
during  MAC-Europe  and  SIR-C/X-SAR  experiments  on  the 
same  terrain  types  are  critically  compared.A  simple 
classification  algorithm  is  proposed,  and  its  performance  is 
tested  with  the  data  collected  during  the  3  flights  of  the 
MAC-Europe  Campaign.  Finally  the  sensitivity  of  the 
backscattering  coeffcient  a°to  biomass  is  investigated,  after 
subdividing  vegetation  into  homogeneous  groups,  according 
to  plant  geometrical  properties. 

THE  EXPERIMENTS 

In  the  framework  of  the  MAC-Europe  91  Campaign  [2]  and 
the  SIR-C/X-SAR  experiment  [3],  the  Italian  Montespertoli 
site  was  imaged  by  polarimetric  SAR  systems  several  times 
in  summer  1991  and  in  April  and  October  1994.  In  order  to 
cover  the  most  significant  areas  of  the  site  with  different 
incidence  angles  between  20°  and  50°,  three  parallel  passes 
were  performed  on  each  flight  date  (June  22,  29  and  July  14) 
of  MAC-91,  whilst  daily  data  takes  at  different  angles  with 


SIR-C/X-SAR  were  carried  out  in  April  (between  12  and 
18)  and  in  October  (between  3  and  9).  Nominal  pixel  sizes 
obtained  with  AIRSAR  on  the  16  look  images  were  6.66  m 
in  range  and  12  m  in  azimuth;  the  corresponding  values  for 
the  4  look  SIR-C/X-SAR  images  were  25  m  both  in  azimuth 
and  range.  Most  of  data  were  delivered  already  calibrated; 
however  calibration  was  improved  by  means  of  trihedral 
comer  reflectors  deployed  parallel  to  the  flight  lines. 

More  than  half  of  the  Montespertoli  site  is  hilly,  with 
forests,  vineyards,  olive  groves,  pastures  and  some 
urbanization.  The  remaining  part  is  flat  with  agricultural  fields 
of  sunflower,  com,  sorghum,  colza,  wheat  and  alfalfa.  This 
paper  presents  results  obtained  over  agricultural  fields,  some 
small  forests  and  some  olive  groves. 

The  ground  data,  which  were  collected  on  selected  fields  at 
the  same  time  as  the  remote  sensing  measurements,  regarded 
some  general  information  (tree  height,  forest  density,  crop 
type,  crop  height,  soil  moisture)  and,  for  a  significant  set  of 
agricultural  fields,  all  the  significant  soil  and  vegetation 
parameters,  such  as  Leaf  Area  Index  (LAI),  Plant  Water 
Content  (PWC),  dimensions  of  leaves  and  stalks,  soil  moisture 
content  and  roughness.  Forests  are  dense,  with  basal  areas  (i.e. 
normalized  tmnk  base  areas)  in  the  range  70-150  mVha,  tmnk 
densities  in  the  range  2000-8000  ha'*,  while  tree  heights  are 
in  the  range  10-20  m.  Olive  groves  basal  areas  are  about  10 
mVha  for  all  selected  fields,  densities  are  about  300  ha'*, 
while  tree  heights  are  about  3  m.  A  significant  number  and 
variety  of  agricultural  fields  was  present  during  the  three 
MAC-Europe  flights  (between  22  June  91  and  14  July  91), 
while  only  few  early  stage  wheat  fields  were  present  in  April 
94.  The  range  of  variations  of  the  Plant  Water  Content  (in 
kg/m^)  was  about  0. 5-5.0  for  sunflower,  about  0.2-1. 5  for 
com,  about  0.2- 1.0  for  sorghum  and  about  0.2-3. 0  for  alfalfa. 
Wheat  and  colza  fields  were  in  the  ripening  stage  during  the 
first  two  1991  flights,  while  most  of  them  were  harvested 
before  the  3rd  flight.  For  sunflower  and  com  the  plant  density 
is  <  10  m'^;  these  crops  are  characterized  by  large  vertical 
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stalks  (stalk  diameter=l-3  cm),  and  wide  leaves  (average  leaf 
area  =  10-40  cm^).  For  colza,  wheat  and  alfalfa  the  plant 
density  is  in  the  range  80-500  m‘^;  these  crops  are 
characterizedby  small  vertical  stalks  (stalk  diameter-  0.2-1 .2 
cm),  while  leaves  are  small  (<  1  cm^)  or  absent. 

The  polarimetric  radars  measure  both  the  amplitude  and  the 
phase  of  the  backscattered  signal  for  each  of  the  4  linearly 
polarized  components  (HH,  VV,  HV,  VH).The  calibration 
accuracy  of  AIRSAR  (at  P,  L,  and  C  band),  SIR-C  (at  L  and 
C  band)  and  X-SAR  data  was  checked  and  improved  by 
means  of  the  comer  reflectors  deployed  on  the  site.  In  this 
paper  we  will  use  backscattering  data  measured  at  linear  and 
circular  (copolar  and  crosspolar)  polarizations  and  at  35°  and 
50°incidence  angles. 

A  comparison  between  AIRSAR  and  SIR-C  data,  carried 
out  at  L  and  C  band  and  at  HH,  HV  and  VV  polarizations, 
has  shown  a  good  correspondence  between  the  data  of  the 
two  experiments.  For  two  forests,  which  are  located  over  hilly 
terrains  and  have  a  fairly  high  slope  with  the  same  orientation 
almost  perpendicular  to  the  flight  line,  the  SIR-C  backscatter 
is  higher  than  the  AIRSAR  response  at  all  frequencies  and 
polarizations.  This  discrepancy  is  probably  due  to  the  lower 
local  incidence  angle  of  the  SIR-C  observation.  Indeed  the 
two  radars  flew  over  the  site  approximately  along  the  same 
track  but  looking  at  opposite  azimuthal  directions. 


THE  RESULTS 

Classification 

The  analysis  of  collected  data  demonstrated  that  radar 
systems  are  effective  in  separating  agricultural  fields  from 
other  types  of  surface  and  in  discriminating  among  classes  of 
agricultural  species  [4,5].  The  scattering  properties  of  the 
various  types  of  surfaces  provided  the  essential  guidelines  to 
devise  and  develop  a  classification  algorithm  which  uses 
HH,HV,VV,RR  and  RL  polarizations  at  P,  L,  and  C  bands 
and  exploits  some  a-priori  knowledge.  In  particular,  such  a 
technique  requires  that  the  number  of  classes  be  specified  in 
advance  and  that  certain  features  (backscattering  coefficients, 
in  our  case),  including  the  extreme  values  of  each  class,  are 
known.  The  algorithm  was  tuned  by  using  the 
MAC-Europe’91  data  averaged  over  homogeneous  zones  of 
nine  types  of  surface,  i.e.  urban  areas,  water  bodies,  forests, 
vineyards,  olive  groves,  bare  soils,  wide  leaf  (mainly  well 
developed  sunflower),  colza,  mixed  ‘small”  vegetation 
(which  included  wheat,  alfalfa  and  pastures),  which  are 
characterized  by  different  scattering  properties.  The 
developed  algorithm  was  then  tested  on  a  pixel-by-pixel  basis 
for  the  data  taken  by  the  three  AIRSAR  passes  over  the 
Montespertoli  area. 


The  algorithm  starts  from  P  band  data  discriminating 
between  two  broad  classes:  urban  areas  and  forests.  A  high 
difference  between  HH  and  VV  polarizations  at  P  band 
isolates  vineyards  with  rows  in  the  direction  of  the  flight  line, 
while  a  more  complex  condition  must  be  applied  in  other 
cases.  Olive  groves  can  be  identified  since,  in  general,  on 
these  areas  cr°  is  higher  at  P-  band  than  at  L-  band,  even  at 
HV  polarization.  Water  bodies  can  be  separated  from  the 
other  classes  since,  in  our  site,  a°Hv  C-  band  is  lower  than 
-22  dB.  As  far  as  agricultural  crops  are  concerned,  the 
difference  a°RL-  (j°^  at  C-  band  allows  the  separation  between 
two  broad  classes:  bare  soils  and  wide  leaf  crops  on  one 
hand  and  other  herbaceous  crops  (wheat,  alfalfa  and  colza)  on 
the  other.  Bare  soil  can  be  separated  from  vegetated  soils 
since  even  short  vegetation  at  C-  band  produces  an 
appreciable  increase  of  the  crosspolarizedbackscatter,  whereas 
colza  is  easily  identified  by  the  very  high  value  of  a°Hv  C 
band.  Finally,  L-band  crosspolarized  a°may  be  used  to 
separate  well-  developed  wide  leaf  crops  from  the  early 
growth  stages  of  the  same  crops.  The  confusion  matrix, 
obtained  on  a  "pixel-by-pixel”  classification,  for  some  land 
cover  categories  in  the  whole  area  show  that  the  results  are 
generally  good  for  all  classes,  the  lowest  percentage  of  right 
classification  being  that  of  mixed  vegetation  (65%)  and  olive 
groves  (76%)  and  the  highest  that  of  bare  soils  (96%)  and 
forests  (92%). 

Sensitivity  to  biomass 

On  the  basis  of  the  main  scattering  sources  identified  within 
the  area  the  vegetation  species  of  Montespertoli  have  been 
subdivided  into  the  following  3  groups: 

-  Forests,  Olive  Groves  (characterizedby  large  cylinders), 

-  Com,  Sunflower,  Sorghum  (characterizedby  intermediate 
cylinders), 

-  Colza,  Wheat,  Alfalfa  ( characterizedby  small  cylinders). 

A  regression  analysis  has  been  carried  out,  by  adopting  the 
following  linear  relationships: 

0-°  =  a  +  b  X  B  (for  forests  and  olive  groves) 

(jO  =  a  +  b  X  PWC  (for  agricultural  fields) 

where  B  and  PWC  are  respectively  the  forest  fresh  biomass 
per  square  meter  and  the  plant  water  content  (Kg/m^)  of 
crops. 

The  analysis  of  data  collected  at  0  =  35°  showed  that,  in 
general,  there  is  a  better  correlations  at  HV  polarization  than 
at  HH  polarization.  For  forests  and  olive  groves  the 
correlation  between  a°Hv  biomass  slightly  decreases  when 
frequency  increases:  for  our  data,  the  correlation  coefficient 
R^  is  0,93  at  P  band,  0.84  at  L  band,  0.77  at  C  band.  Both 
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MAC  and  SIR-C  data  confirm  that,  for  values  higher  than 
about  40  kg/m^,  no  significant  or°Hv  increase  with  biomass 
may  be  observed,  even  at  P-  band. 

In  many  other  experiments  [e.g.  6,7],  where  forests  less 
dense  than  those  of  Montespertoli  were  present,  a  saturation 
effect  was  observed  even  at  much  lower  biomass  values, 
especially  at  L-  and  C-  band.  It  must  be  stressed  that  the 
good  linear  correlations  observed  between  cr°Hv  ^nd  wood 
biomass  are  partially  due  to  the  peculiarity  of  Montespertoli 
site,  where  only  species  with  very  low  (i.e.  olive  groves)  or 
very  high  biomass  (i.e.  dense  forests)  were  present. 

For  com,  sunflower  and  sorghum  the  correlation  is  low  at 
P  band  (R^=0.14)  where  crop  elements  are  transparent, 
increases  at  L  band  (R^=  0.73)  and  decreases  again  at  C  band 
(R^  “  0.31),  where  the  early  saturation  effect  is  well  evident. 
For  colza,  wheat  and  alfalfa  there  is  almost  no  correlation  at 
P  band  (R^=0. 1 8),  a  moderate  increase  is  noted  at  L  band  (R^ 
=  0.66)  with  a  further  improvement  at  C  band  (R^=0.75).In 
both  the  latter  cases,  the  correlation  is  mostly  due  to  two 
ripening  colza  fields,  characterized  by  high  a°Hv  values  and 
a  PWC  higher  than  6  kg/m 

It  should  be  noted  that,  at  0=  35°,  the  correlations  obtained 
at  HV,  RR,  45X  polarizations  (where  soil  backscatter  is  low) 
are  generally  higher  than  those  obtained  at  HH,  VV,  RL,  45 
C  polarizations  (where  soil  backscatter  is  relatively  high).  At 
6  =  50°,  soil  backscatter  is  low  even  in  the  copolar  case  and 
correlation  coefficients  are  close  to  those  obtained  at  35°  for 
HV,  RR,  45X  polarizations,  whereas  for  HH,  VV,  RL,  45C 
polarizations  they  show,  in  general,  an  appreciable  increase. 

CONCLUSIONS 

The  results  of  this  investigation  indicate  that  a  radar  system 
operating  at  P-  and  L-  band  is  able  to  separate  agricultural 
fields  from  other  targets,  while  a  system  operating  at  L-  and 
C-  band  is  able  to  discriminate  within  agricultural  areas.  The 
availability  of  polarimetric  data  allows  a  significant 
improvement  in  land  classification.  An  algorithm  trained  on 
the  average  polarimetric  features  of  vegetation  types 
cultivated  in  the  area  has  been  implemented  and  successfully 
tested  to  separate  at  a  pixel  scale  nine  classes  of  land  cover. 
To  monitor  biomass,  P-band  shows  the  best  sensitivity  for 
forests  and  olive  groves,  L-band  is  valid  for  crops  with  low 
plant  density  while  both  L-  and  C-band  give  useful 
information  for  high  plant  density  crops.  It  should  also  be 
noted  that  biomass  retrieval  too  benefits  from  the  availability 
of  polarimetric  data  (or,  at  least,  HV  polarization  data). 
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Abstract  -  The  near-field  effect  of  extaided  taiget,  i.e.  the 


illuminated  ground  area  of  an  active  microwave  sensor,  is 
discussed.  It  is  shown  by  both  analysis  and  numerical 
examples  that  all  measuranaits  are  takai  in  the  near-field 
and  the  value  of  normalized  backscattering  coefficients  are 
varying  periodically  even  for  a  uniformly  distributed 
scattering  diaracteristics  target  vdiile  the  platform  altitude 
is  increasing.  In  order  to  compensate  this  variation,  a 
practical  platform  relocation  tedinique  is  proposed. 

I.  INTRODUCTION 

Uncertainties  of  normalized  backscattering  coefficiaits 
obtained  by  active  microwave  sensors  at  different  platform 
altitudes  are  often  observed  in  practice  \^fule  the  target  is 
an  extended  area  (illuminated  ground  area)  [1][2].  This 
phenomenon  happens  even  if  the  area  has  uniformly 
distributed  backscattering  diaracteristics  and  the  sensor 
has  been  throu^  accurate  external  calibration.  In  the 
literature,  explanations  of  the  above  uncertainty  are  often 
given  in  three  reasons:  the  extended  targd  effect,  the 
volume  scatteririg  effect  and  the  scale  problem  (rdated  to 
platform  altitude).  There  is,  however,  no  further 
quantitative  analysis  and  people  often  use  the  Amazon  rain 
forest  as  the  absolute  calibration  site  [3],  \diidi  has  bean 
proven  to  have  a  uniform  response  during  the  past  years. 

The  difference  between  an  extaided  (or  illuminated) 
area  and  a  point  target  used  during  the  external  calibration 
is  that  the  dimension  of  the  illuminated  area  is  changing 
together  with  the  platform  altitude.  Historically,  this  has 
not  been  considered  when  calculating  the  far-field 
condition  of  the  measurement  distance  due  to  the  reason 
that  the  phases  of  the  return  wave  from  the  area  are 
random.  In  this  paper,  however,  it  is  shown  that  the 
illuminated  area  has  a  near-fidd  effect  to  the  sensor’s 
recdving  signal  even  \dien  the  phases  are  completely 
random. 

n.  THE  FAR-FIELD  CONDITION 

The  geometrical  relation  of  a  normal  inddent  recdving 
antenna  with  the  illuminated  area  is  shown  in  Fig.  1 .  The 
dimension  of  the  illuminated  ground  area  is 


D  =  lhtg{Q,,l2)  (1) 

where  60,5  is  the  half  power  beam  width  of  the  recdving 
antenna.  From  the  far  field  condition  r  >  lEP'I'k,  and 
substitute  (1)  into  the  far-field  condition,  we  obtain 

(60,5/2)  .  (2) 

This  means  that  when  h  is  increasing  linearly,  r  is 
increasing  quadratically,  therefore  the  far  field  condition 
will  never  be  fulfilled.  This  formula  also  tells  us  that  for 
different  h,  the  location  of  the  recdving  antenna  in  the 
near-field  r^on,  i.e.  the  ratio  of  h/r,  is  also  differait.  In 
other  words,  the  hi^er  platform  altitude  is,  the  doser  it  is 
to  the  near-fidd  electrically. 

The  impact  o.*’  the  above  is  important.  For  example, 
in  most  of  the  modelling  works  for  groimd  scattering, 
only  the  pi  ne  wave  inddait  is  considered  which 
produce  a  theoretical  backscattering  coefficient  under 
the  far-field  condition.  However,  as  Equ.  (2)  tells  us, 
the  receiving  antenna  of  the  sensor  is  always  located  in 
the  near-field  of  the  illuminated  ground  area.  The 
measured  backscattering  coeffident  will  also  be  the 
near-field  result  which  must  not  have  the  same  value  as 
it  is  predicted  in  the  theory. 


Fig.  1 .  Normal  inddent  antenna  beam  coverage. 
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m.  THE  NEAR-FIELD  EFFECT 
The  near-field  effect  is  produced  by  phase  delay  from 
the  edge  of  the  illuminated  area.  From  Fig.  1  the 
difference  between  c  and  h  is  expressed  as 


c-h  = - -h  . 

005(605/2) 


(3) 


Whai  c  -  A  is  an  integer  number  of  X,  the  composed  field 
from  all  scattering  points  on  the  ground  at  the  receiving 
antama  will  be  minimum,  that  is  at 

^  _  «Xcos(eo  ,/2) 

1-cos(0o  5/2)  ■ 


and  the  frequency  is  determined  by  the  nearest  and  farthest 
points  on  the  illuminated  area  to  the  receiving  antenna  and 
giver  by  period 


cos(e,-eo5/2)cos(9,+eo5/2) 

cos(0.  -60.5/2)  -  cos(0,  +00.5/2) 


(7) 


While  h  is  changing,  the  minimum  composed  field  will 
then  appear  periodically  with  a  period  T,  which  is 
obtained  from  (4)  as 


T  =  K+i-K 


cos(9o,/2)  ^ 

1-cos(0o5/2) 


(5) 


The  corresponding  frequency  /  =  1/7’  . 

Although  the  above  is  derived  under  the  assumption  that 
the  ground  scattering  has  uniform  phase  response  under  the 
illumination  of  the  transmitting  antenna,  it  is  also  true  for 
random  phase  response  over  the  entire  area.  The  reason  is 
that  for  a  uniformly  distributed  random  phase  response 
between  0~2n  and  when  h  is  large,  the  contributions  fi'om 
discrete  scattering  points  on  the  equal  distance  contours 
(wfiidi  are  circles  centered  at  the  nadir)  are  statistically 
symmetrical  therefore  will  still  follow  the  rule  given  in  (5). 

For  situations  v^4iidi  are  not  normal  incident,  since  the 
equal  distance  contours  are  not  circles  any  more,  as  shown 
in  Fig.  2,  the  edge  contributions  will  not  be  in  phase  and 
the  predicted  variations  of  cr®  due  to  the  near-field  effect 
will  be  determined  by  many  frequencies.  Omit  the 
derivation,  we  here  give  only  the  results.  The  periods  of  the 
low  fi'equency  variations  are  given  by 


Fig.  2.  Side  looking  inddait  geometry,  dashed  lines  in  the 
coverage  area  are  equal  distance  contours. 

IV.  DISCRETE  GROUND  SCATTERING  MODEL 
To  prove  the  above  analysis  we  developed  a  simple 
discrete  ground  scattering  model.  The  model  uses  small 
discs  as  scattering  elements  and  diange  the  elemait 
amplitude  and  phase  excitations  to  simulate  random 
ground  scattering  characteristics.  From  the  far-field 
ejqjression  of  a  small  disc  with  radius  a,  we  have 

27ra  /  V 

IT- . o  ‘^i(^“sin6jy^- - cos6„  (8) 

k  sm0„  27rr„ 

wdiere  Et  is  the  element  excitations  of  the  small  disc,  Ji  is 
the  first  order  Bessel  function,  r„  and  6n  are  the  distance 
and  inddart  angle  fi-om  the  n’th  small  disc  to  the  recdving 
antenna  respectively,  and  k  is  the  wave  number.  To 
simulate  a  general  ground  scattering,  it  is  important  to  set 
Ej  correctly.  Considering  the  transmitting  antenna  beam 
taper  on  the  illuminated  area,  the  variations  of  the  small 
disc  oriartation  and  the  polarization  coupling,  the  ground 
backscattering  characteristics,  etc.,  let 


COS0,.  cos(6„/2) 
l-cos(0„/2) 


(6) 


E,  =  Y„ 


(  r 
0.707  +  0.293  \-  — 


\2 


:|1-^ 


kr„ 


(9) 


where  0i  is  the  inddent  ai^e,  6n  is  the  look  angle  fi'om 
platfrnrm  to  each  contour  edges,  as  shown  in  Fig.  2,  on  the 
illuminated  area  with  the  largest  angle  equals  to  60.5.  On 
top  of  the  low  frequency  variations,  a  fest  variation  exists 


where  r„'  is  the  distance  from  the  n’th  small  disc  to  the 
center  of  the  illuminated  area  and  rg  is  the  radius  of  the 
area,  is  a  conplex  random  number  with  amplitude 
variation  fi'om  t  to  1  and  phase  variation  fi'om  0  to  27t  .  r 
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could  be  set  from  0.2  to  0.8  rqiresenting  the  roughness  of 
the  ground  surface. 

Substitute  (9)  into  (8)  and  add  the  fields  from  all  small 
discs  on  the  illuminated  area  at  O,  we  obtain 

E,  =  ZyY„Uo.707  +  0293(l-r;/rj1 

Ji(^asin0„) 

(^asinoj  (krj^ 


w^iere  N  is  the  total  number  of  small  discs  in  the  area. 
Finally,  we  place  the  small  discs  randomly  with  0  to 
1.414/1  in  spacing  inside  the  illuminated  area  as  shown  in 
an  exanple  in  Fig.  3. 
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Fig.  3.  Randomly  placed  small  discs  inside  an 
illuminated  area  on  the  ground. 

V  EXAMPLES 

The  above  small  disc  model  has  been  used  to  calculate 
the  ground  back  scattering  for  various  platform  altitude. 
According  to  the  definition  of  the  radar  cross  section  [4], 

WVKr  (11) 
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where  R  is  the  platform  altitude  h  in  case  of  normal 
incidart  and  Ei„  is  the  incident  field  at  the  center  of  the 
illuminated  area.  As  we  have  discussed  in  the  Section  n 
that  no  mater  what  platform  altitude  is,  the  far-field 
condition  will  never  be  satisfied.  In  fact,  what  we  use  in 
practice  whei  calculating  the  backscattering  coefficients  is 
the  approximation  of  (1 1), 

o«Anh^\Ej\  /\eJ[  (12) 

and  for  the  normalized  backscattering  coeflScient, 


(13) 


Fig.  4  shows  two  examples,  \\fiere  a®  are  calculated  using 
the  small  disc  model  for  difiFerait  platform  altitudes.  The 
high  fi-equaicy  variation  is  fading  due  to  the  random  phase 
excitations.  The  low  fi'equency  variation  is  however  due  to 
the  near-field  effect  discussed  in  Section  IH. 
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Fig.  4.  Calculated  ct"  in  dB  for  different  h/X. 


VI.  ABSOLUTE  CALIBRATION 

In  practice,  absolute  calibration  of  an  active  microwave 
sensor  is  made  by  measuring  a  point  target  with  known 
radar  cross  section  [5].  As  we  have  discussed  in  Section  I, 
this  calibration  is  valid  only  for  point  targets  whidi  can  be 
measured  in  the  far-field.  For  the  extended  targets,  i.e.  the 
illuminated  ground  area,  there  are  two  problems  now 
remaining  unsolved  for  absolute  calibration.  Problem  one, 
how  to  get  the  same  backscattering  coefficient  from  the 
same  illuminated  area  (the  scattering  diaracteristics  of  this 
area  must  be  quite  uniform,  sudi  as  an  agriculture  field)  in 
different  platform  altitudes;  problem  two,  how  to  transfonn 
this  near-field  measurement  result  to  the  far-field,  wfiidi 
can  be  easily  used  in  applications. 

For  the  first  problem,  let  us  consider  the  periodical  near¬ 
field  effect  again  for  normal  incident  cases.  From  the 
analysis  and  the  examples,  we  know  that  the  back- 
scattering  coefficients  measured  in  different  platform 
altitudes  are  varying  periodically.  It  is  to  say  that  if  two 
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measuremarts  are  taken  at  different  altitudes  but  in  the 
same  position  in  the  period  given  by  (5),  for  exanple  both 
at  the  peak  of  the  variation  pattern,  they  will  produce  the 
same  result.  In  practice,  if  the  difference  betweai  two 
platform  altitudes  is  happened  to  be  just  an  int^er  number 
of  times  of  the  period  T,  the  measuranent  results  will  be 
the  same,  wfiere  the  two  receiving  antenna  beam  widths 
should  be  the  same  if  the  two  measurement  systems  are 
differart. 

The  above  may  be  called  the  platform  relocation 
property  of  the  periodical  phaiomaia  caused  by  the  nea% 
field  effect.  However,  since  T  may  become  quite  laige 
when  00.5  is  small  (for  instance  wfien  00,5=2.5'’  and  X.=3cm, 
7’=126m),  it  is  difficult  to  rdocate  an  air-based 
measurement  to  a  ground-based  measuremait  for 
comparison.  Therefore,  we  need  a  tedinique  to  move  the 
platform  within  one  period  distance  but  still  keep  the 
measuremait  result  undianged. 

It  is  wdl  known  in  the  near-field  antenna  measuremait 
theory  that  the  antenna  main  beam  is  formed  gradually 
while  the  observation  point  is  moving  fi'om  the  near-fidd  to 
the  far-field.  In  other  words,  the  antenna  radiation  pattern 
has  different  prqierties  in  differait  near-field  r^ons.  For 
the  extaided  target  problem,  the  location  of  the  platform  in 
the  near-field,  i.e.  h/r,  also  carries  the  information  of  the 
near-field  effect.  From  (2)  we  obtain. 


®0.5  “ 


±  _L 

Se  h/X 


(14) 


where  c=M-  is  from  0  to  1  covering  all  platform  altitudes. 
For  a  fixed  value  of  e,  (14)  is  actually  the  relation  betweai 
the  receiving  antenna  beam  width  and  the  platform  altitude. 
For  a  fixed  platform  altitude,  (14)  shows  also  the  rdation 
between  the  antenna  beam  and  the  near-field  location  e. 
That  is  to  say,  at  a  certain  platform  altitude,  we  can  zoom 
the  antenna  beam  in  order  to  readi  a  certain  e,  or 
backscattering  measurement  result. 

Let  us  now  take  an  example  to  demonstrate  how  could 
we  obtain  the  same  measurement  value  at  two  very 
different  platform  altitude.  We  now  consider  one 
measuranent  is  taken  in  an  3cm  band  air-based  system  at 
10000m  platform  with  a  recdving  antenna  00.5=2.5'’  and 
0i=O‘’,  using  the  platform  relocation  property,  we  could 
relocate  the  platform  to  43.25m  (10000-int  [lOtiOO/r  1  T  ). 
Next  we  use  this  altitude  to  calculate  the  near-field  location 
e.  Substitute  43.25,  the  wavelength  and  0o.5  into  (2)  we 
obtain  r=237.5m  and  e=0.1821.  Now  let  us  consider  a 


ground-based  system  making  a  simultaneous  measurement 
at  20m  platform  altitude.  In  order  to  obtain  the  same 
measurement  result,  from  (14)  the  ground-based  systan 
should  use  a  receiving  antama  with  0o.5=3 .68°. 

For  the  second  problem  addressed  above,  we  are  now 
consideriiig  a  near-fidd  to  far-field  transformation  mediod. 
As  the  contait  of  this  paper  is  limited,  we  will  not 
discussed  it  further  in  this  paper. 

vn.  CONCLUSIONS 

The  near-field  effect  of  the  backscattering  coeffident 
measurement  of  extended  targets  is  discussed.  Conclusion 
may  draw  in  the  following  points:  1).  Receiving  antama  of 
an  active  microwave  sensor  is  always  located  in  the  near- 
fidd  of  the  ground  scattering  area;  2).  Different  platform 
altitudes  of  the  same  recdving  antama  may  produce 
different  measurement  results  due  to  near-fidd  effect;  3). 
The  measured  a°  will  vary  periodically  vdiile  the  platform 
altitude  is  changing  and  the  period  of  the  variation  could  be 
easily  predicted  for  normal  inddait  case  but  not  very  easy 
to  preclict  for  other  cases;  4).  Absolute  calibration  by  point 
taigets  is  not  valid  for  extaided  target  measuremait  unless 
the  near-fidd  result  is  transformed  to  the  far-field  after  the 
measurement;  5).  Period  relocation  property  and  beam 
zooming  technique  are  proposed  to  solve  the  imcertainty 
problem  caused  by  different  platform  altitude 
measurements. 
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Abstract  —  Calibration  of  an  airborne  95  GHz  polarimet- 
ric  radar  was  accomplished  using  measurements  of  a  comer 
reflector  and  freezing  drizzle.  The  calibrated  data  products  in¬ 
cluded:  ZeHH,  Zdr,  and  LDR.  This  paper  presents  the  mea¬ 
surements  made  to  calibrate  the  95  GHz  polarimeter ’s  cloud 
measurements  and  an  analysis  of  measurement  sensitivity  to 
calibration  errors. 


Introduction 

Recent  work  making  use  of  an  airborne  95  GHz  polarimet- 
ric  radar  to  study  cloud  microphysics  from  the  University  of 
Wyoming  King  Air  facility  required  calibration  of  the  radar 
measurements  to  relate  the  radar  data  to  aircraft  probe  data. 
The  W-Band  radar  is  a  monostatic,  dual  receiver  system  with 
programmable  switched  linear  (horizontal  or  vertical)  transmit 
pulse  polarization  [1].  The  products  desired  from  the  radar 
system  include  Zchh^  ZDR,  LDR,  and  phv-  Calibration  of 
ZeHH  requires  an  absolute  measurement  of  the  system  gain 
and  transmitter  power.  Calibration  of  ZDR,  and  LDR  requires 
characterization  of  the  relative  response  between  the  H  and  V 
receivers.  Calibration  of  W-Band  polarimeters  has  been  per¬ 
formed  frequently  over  the  last  few  years  at  the  University  of 
Massachusetts  using  a  procedure  documented  in  [2],  This  re¬ 
quires  use  of  a  polarization  grid  and  comer  reflector.  The  po¬ 
sition  and  mounting  of  the  polarimeter  in  the  King  Air  make 
it  difficult  to  steer  the  radar  beam  to  a  comer  reflector  in  the 
field  with  a  grid  mounted  over  the  antenna.  Without  a  polar¬ 
ization  grid,  no  separate  characterization  of  the  receiver  and 
transmitter  distortion  of  the  polarizations  is  available,  there¬ 
fore,  an  alternative  method  for  characterizing  the  system  gain 
imbalance  and  crosspolar  isolation  was  required. 

System  Calibration  Model 

At  the  time  this  calibration  method  was  adopted,  the  data 
products  available  from  the  radar  system  included  averaged 
auto-  and  crosscorrelation  estimates  from  both  vertical  (V)  and 
horizontal  (H)  receiver  channels.  The  products  available  to 
calibrate  the  system  included:  Phh,  Phv,  Pvh,  Pvv,  Rhv, 
and  Rhh,  where  P,j  represents  the  sample  average  of  the 
power  received  in  the  i  polarization  receiver  from  transmis¬ 
sion  of  a  j  polarization  pulse,  and  Rhv  is  the  single  pulse  rep- 
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etition  pericxl  (PRT)  lag  crosscorrelation  estimate.  The  single 
PRT  lag  autocorrelation  estimate  from  the  H  channel,  is 
the  pulse  pair  estimator  used  to  measure  the  Doppler  velocity 
mean  and  spectral  width. 

Both  a  comer  reflector  and  volume  distributed  target  were 
used  to  calibrate.  The  system  model  used  for  the  comer  reflec¬ 
tor  response  was  the  following  form  of  the  radar  range  equa¬ 
tion  for  a  point  reflector: 


Phv 

Pvr 


^cr 

0 


0 

^cr 


(1) 


where,  Pur^Vr  are  the  return  power  measurements,  Phs.Vs 
are  the  peak  power  in  the  transmit  pulse,  o-cr  is  the  comer  re¬ 
flector  cross-section,  Vcr  is  the  comer  reflector  range,  Kcr  is 
the  point  target  radar  constant  and  [R]  and  [T]  are  2x2  real  ma¬ 
trices  expressing  polarization  crosst^k  and  channel  gain  im¬ 
balance  from  the  receive  and  transmit  processes  respectively. 
The  same  kind  of  relation  may  be  used  when  considering  a 
measurement  of  a  volume  distributed  target  [3]: 


Phv 

Pvr 


cthh  <^hv 
<^VH  <^vv 


1  (2) 


where  <Tij  is  the  volume  backscatter  cross-section,  r  is  the 
range  to  center  of  a  given  volume  resolution  cell,  and  Kyoi 
is  the  radar  constant  for  a  volume  distributed  target. 

The  ratio  of  Kcr  to  Kyoi  is  the  volume  of  a  radar  resolution 
cell.  Therefore,  Kcr  be  estimated  from  power  measure¬ 
ments  on  a  comer  reflector,  and  Kyd  may  then  be  calculated 
from  known  radar  system  parameters.  Estimation  of  Kcr  in¬ 
volves  inversion  of  (1).  Since  the  cross  section  matrix  for  a 
comer  reflector  is  known  (see  [4]),  the  corner  reflector  cali¬ 
bration  data  may  be  used  to  find  the  product  of  Kcr  [R]  [T]  and 
the  transmit  power.  This  means  (1)  may  be  rewritten  as: 


1 

rriHV 

Pnr 

II 

[  Ph,  ■ 

mvH 

myv 

Pvr 

[  Pv,  . 

where  the  elements  of  [M]  are  formed  as  the  inverse  of  [il][T]. 
The  product  of  Kcr  and  transmit  power  was  found  using 
Phh  measurements  of  the  comer  reflector,  and  assuming  that 
mHvPvH  «  P////,  which  holds  tme  for  the  case  of  a  comer 
reflector. 
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Given  that  independent  measures  of  [R]  and  [T]  are  not 
available,  any  inversion  in  the  case  of  a  volume  scatterer  to 
find  [M]  requires  an  assumption  about  one  of  the  two  distor¬ 
tion  matrices.  For  these  measurements,  it  was  assumed  that  the 
matrix  of  cross-sections  commuted  with  [T],  and  that  the  prin¬ 
cipal  distortion  was  due  to  the  receiver.  The  values  ot  my  h, 
muv  (polarization  isolation)  and  mvv  (gain  mismatch)  may 
be  found,  in  principle,  by  making  power  measurements  in  both 
receivers  for  H  and  V  transmit  cases.  In  the  case  of  a  volume 
scatterer  with  negligible  LDR  and  0  dB  ZDR,  the  cross  sec¬ 
tion  matrix  is  similar  to  that  of  a  comer  reflector  and  a  similar 
inversion  may  be  used  to  obtain  the  values  of  mvH,  mHv  and 
mvv,  but  not  K^oi  as  there  is  no  a  priori  knowledge  about  the 
cross  section  of  a  given  volume  filled  with  hydrometeors. 

Measurement  Sensitivity  to  Calibration 

Radar  measurements  of  clouds  used  in  comparisons  with  the 
in  situ  probes  available  on  the  UWyo  King  Air  include  the  re¬ 
flectivity,  ZeHH,  differential  reflectivity,  Zdr,  linear  depolar¬ 
ization  ratio,  LDR,  and  copolar  correlation  coefficient,  phv  ■ 
The  radar  reflectivity  measurement  is  defined  by  [5]: 

ZeHH  —  ^  \^w\  ^HH,  (^) 

where  A  is  the  wavelength,  and  is  a  factor  depending  on 
the  dielectric  constant  of  water  at  95  GHz.  The  relation  used 
to  calculate  <xhh  naay  be  derived  from  (2): 


Pw  /  Phh  Power  Ratio  at  90  m  Range 


Pw/PraMean:  1.3 
Pvv /Pim  St  Dev. :  0.063 


n 


1^ 


start  Tue  Mar  8  22:37:14 1994  GMT 
Stop:  Tue  Mar  8  22:39:13  1994  GMT 


Fig.  1.  Histogram  of  ratio  of  Pyv  t®  Phh  1°*^  overtiead  drizzle. 


Since  the  calibration  factor,  Keoi,  cancels  in  this  ratio,  error 
in  that  value  does  not  influence  the  result.  Neither  do  any  of 
m/fv,  mvjT,  and  mv/K  appear,  making  pnv  entirely  insensi¬ 
tive  to  the  calibration  errors. 


(Xhh  =  r^Ke^^HH-  (5) 

Estimation  error  in  K„oi  is  simply  inversely  proportional  to 
error  in  the  final  estimate  of  Z^hH'  Differential  reflectivity  is 
defined  by: 

Zdr  =  {<thh<^vv) 

=  101ogio(^*rrif)  -  lOlogio(^vv^vv)-  (6) 

In  the  case  of  Zdr.  the  measurement  bias  varies  inversely  as 
mvv-  The  linear  depolarization  ratio  is  defined  by: 

LDR  =  lOlog^Q{<THV<^vv) 

=  lOlogioiPnv  +  niHvPvv) 

—  lO\ogiQ{mvv  Pvv)  0) 

where  estimation  of  cthv  was  accomplished  using  the  proce¬ 
dure  outlined  in  [1].  Errors  in  mvv  produce  an  inversely  pro¬ 
portional  error  in  LDR  estimates.  The  impact  of  error  in  esti¬ 
mation  of  the  polarization  isolation,  mnv .  however,  depends 
on  the  relative  values  of  the  Phv  2ind  Pvv  measurements. 

The  normalization  required  to  make  pnv  ^  zero-lag  corre¬ 
lation  coefficient  using  a  single  PRT  lag  correlation  estimate 
is  detailed  in  [6].  The  definition  and  implementation  of  pnv 
are: 

Phv  =  <  ShhSvv  >  ><  l-S'wl  >) 

_  Rhv  Phh 
^  V Phh  Pv  v  Phh 


Drizzle  Data 

A  measurement  on  freezing  drizzle  was  made  at  vertical  in¬ 
cidence  during  a  missed  ^proach  to  the  Norman  airport  in 
Oklahoma  on  March  8, 1994.  The  data  available  from  this  ob¬ 
servation  are  presented  as  histograms  of  the  power  ratios  used 
to  find  mvv.  R^VHy  mnv  figures  1  and  2,  Each  of 
the  sample  averages  in  power  indicated  in  the  histogram  count 
involved  100  independent  samples  of  the  radar  return  avail¬ 
able  from  the  drizzle.  The  values  of  mvv.  mvH>  and  muv 
determined  from  the  drizzle  were  0.74,  -0.022  and  -0.020  re¬ 
spectively.  The  expected  ZDR  value  from  drizzle  is  clearly  0 
dB,  and  the  offset  from  that  value  measured  from  the  drizzle 
represents  the  system  channel  gain  imbalance,  in  this  case  1.1 
dB.  The  ratio  of  Phv  to  Phh  for  drizzle  provided  an  estimate 
of  the  system  crosspolar  isolation  (17  dB  or  about  0.02)  which 
was  assumed  to  be  substantially  greater  than  the  LDR  possible 
from  drizzle  (less  than  -34  dB  [3,  p.  271]). 

Figure  (3)  displays  the  Zdr  ciata  taken  at  vertical  incidence 
from  all  observations  made  on  March  6  and  8,  1994.  The 
values  are  expected  to  fall  near  0  dB,  since  the  hydromete¬ 
ors  should  not  present  a  preferred  orientation  in  the  H,  V  basis 
looking  upward.  The  histogram  shows  that  the  distribution 
of  Zdr  values  is  centered  on  about  0.2  dB  and  has  a  spread 
of  around  0.5  dB  or  so.  This  may  be  taken  to  mean  that  the 
channel  gain  imbalance  calculated  from  the  data  on  freezing 
drizzle  applies  reasonably  well  to  the  data  taken  on  both  days. 
Since  the  expected  standard  error  in  Zdr  given  sampling  and 
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Fig.  2.  Histograms  of  Phv /Phh  PvhIPhh  for  case  of  overfiead 
drizzle. 


20  dB  crosspolar  isolation.  The  values  for  channel  gain  im¬ 
balance  from  the  measurements  of  overhead  drizzle  provide  a 
test  for  the  validity  of  the  comer  reflector  calibration  estimates 
aside  from  the  total  cross  section.  Neither  the  system  chan¬ 
nel  gain  imbalance  nor  the  crosspolar  isolation  values  could 
be  characterized  with  these  comer  reflector  measurements.  It 
is  probable  that  the  mast  behind  the  comer  reflector  biased  the 
values  of  channel  gain  imbalance  through  its  contribution  to 
the  V  channel  return  power.  The  crosspolar  response  mea¬ 
sured  with  the  comer  reflector  cannot  accurately  represent  the 
system  crosspolar  isolation  for  a  volume  target  because  it  does 
not  include  crosspolar  return  power  from  angles  away  from  the 
antenna  pattern  boresight. 

Conclusions 

Known  reference  targets,  both  man-made  (comer  reflector) 
and  naturally  occurring  (drizzle),  provided  the  data  necessary 
to  calibrate  parameters  of  interest  {ZeHHy  Zbr^  LDR,  and 
pHv)  for  use  in  studying  clouds  using  a  W-Band  polarimeter 
from  an  airborne  platform.  The  system  model  adopted  pro¬ 
vides  straightforward  relations  between  the  measured  calibra¬ 
tion  constants  and  error  in  the  final  data  products. 


Pcim,  /  Phh  Power  Ratio  at  90  m  Range 

- -p . - . - . 


PvH  /  ftoi  Mean  :  0.028 
PvH /Pml  St.  Dev. :  0.0032 


Phv  /  Phh  Mean  :  0.026 
/P^  St.  Dev. :  0.0029 


Phv/Phh 


Histogram  of  7^^  for  March  6  and  8, 1994 
vertical  I^idence  Cases  Only 


ZopCdB) 


Fig.  3.  Histogram  of  Z dr  values  for  all  vertical  incidence  observations 
from  March  6  and  8,  1994.  Each  point  in  the  count  represents  the  Zqr 
calculated  from  Phh  Pvv  sample  averages  over  100  independent 
samples  of  the  radar  return. 


SNR  considerations  is  around  0.5  dB,  the  offset  of  0.2  dB  is 
acceptably  close  to  0  dB. 
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Corner  Reflector  Data 

A  trihedral  comer  reflector  mounted  on  a  20  ft.  mast  lo¬ 
cated  at  the  University  of  Wyoming  Flight  Facility  about  370 
m  away  from  the  aircraft  was  used  to  measure  the  product 
of  Kcr  and  transmitter  power.  An  adjustable  reflector  plate 
mounted  above  the  antenna  was  used  to  steer  the  radar  beam 
in  the  field  to  the  comer  reflector.  The  values  obtained  for 
mvv,  mvH<  and  mjjv  were  0.53,  -0.019  and  -0.010  respec¬ 
tively,  indicating  about  a  2.8  dB  channel  gain  imbalance,  and 
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Abstract: 

The  recent  interest  in  bistatic  and  multistatic  radar  has  led 
to  a  need  for  information  concerning  the  bistatic  reflectivity  of 
clutter  viewed  by  such  systems.  Unfortunately,  little  informa¬ 
tion  is  available  describing  calibration  for  a  bistatic  radar  sys¬ 
tem. 

This  paper  presents  a  new  calibration  technique  for  bistatic 
scatterometers.  This  technique  assumes  perfect  isolation 
between  antenna  ports.  It  is  shown  that  all  magnitudes  and 
phases  {relative  to  one  of  the  similary  polarized  linear  polari¬ 
zation  configurations)  of  the  radar  transfer  function  can  be 
calibrated  without  knowledge  of  the  scattering  matrix  of  a  ref¬ 
erence  target.  Only  the  use  of  the  direct  path  between  the 
transmitter  and  receiver  is  required. 

The  technique  is  particularly  useful  for  calibrating  a  radar 
under  field  conditions,  because  it  does  not  require  a  set  of  cal¬ 
ibration  targets. 


Vector  network 
analyzer 


Fig.  1  General  bistatic  polarimetric  instrumentation  based  on  a  vector 
network  analyser 


INTRODUCTION 

Scatterometers  have  been  used  to  determine  the  radar 
response  of  surfaces  at  different  frequencies,  polarizations  and 
incidence  angles  in  a  monostatic  case.  These  studies  show  that 
more  detailed  information  regarding  the  geometric  and  elec¬ 
tric  structure  of  surface  would  be  inferred  when  employing  a 
bistatic  configuration.  To  systematically  advance  to  quantita¬ 
tive  analysis  of  bistatic  radar  scatter  from  such  data,  will 
require  stable,  well-calibrated  systems. 

The  calibration  of  monostatic  radar  systems  has  been  con¬ 
siderably  improved  in  the  past  [1],  [2],  In  the  last  few  years 
the  interest  in  bistatic  scatterometers  has  increased  rapidly. 
The  calibration  of  such  a  system  is  performed  by  using  two 
external  reference  targets.  This  technique  is  similar  to  the 
monostatic  case  [3]. 

This  paper  is  concerned  with  a  new  approach  for  polarimet¬ 
ric  bistatic  radar  systems,  primarily  for  ground  based  applica¬ 
tion.  The  proposed  technique  uses  the  direct  path  between  the 
receiver  and  transmitter,  plus  the  rotation  of  one  antenna  into 
an  orthogonal  base  of  polarization. 
0-7803-3068-4/96$5.00©1996  IEEE 


SYSTEM  DISTORSION  MATRIX 

When  using  an  ideal  polarimetric  radar,  the  measured  scat¬ 
tering  matrix  [S'”]  is  equal  to  its  theoretical  scattering  matrix 
[S] .  Usually  however,  these  two  matrices  are  different  and  it 
is  necessary  to  characterise  the  errors  introduced  by  the  radar 
system.  Then  the  process  must  be  inverted  to  obtain  an  esti¬ 
mate  of  the  actual  scattering  matrix. 

As  in  monostatic  radar  systems,  the  measurement  made  by 
the  radar  is  related  to  the  target  scattering  matrix  [S]  by: 


om 

'^hsh  '^hsv 

rt/n  nm 

fvsh  ‘^v^v 


ii 

^hshs  ^hsvs 

^hsh  ^hsv 

^hh 

R  R 

fvshs  ^vsvs^ 

s  u  s 

_vsh  v^v 

T  T 

\h  vv 

(1) 


where  A  represents  the  radar  system  gain  and  losses,  ^  is 
the  phase  due  to  the  delay  between  the  transmitting  antenna, 
the  target  and  the  receiving  antenna  and  any  losses  in  the  sys¬ 
tem.  The  receive  and  transmit  matrices  [R]  and  [T]  describe 
the  polarization  characteristics  of  the  receiving  and  the  trans¬ 
mitting  system.  The  terms  or  represent  the  amplitude 
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In  order  to  obtain  the  4  unknown  coefficients,  a  measure¬ 
ment  of  the  direct  path  between  the  two  positions  is  made 
(Fig.  2.a) 

Next,  the  system  is  moved  to  a  measurement  configuration. 

CALIBRATION  PROCEDURE 

In  the  following  a  bistatic  calibration  procedure  for  the 
determination  of  the  scattering  coefficient  will  be  shown, 
which  requires  only  the  use  of  the  direct  path  (Fig.  2.a). 


(a)  calibration  configuration 


\ 


A-  First  step:  Calibration  of  the  co-polarized  terms 

First,  the  system  is  on  a  calibration  configuration  (Fig.  2.a) 
where  the  two  antennas  are  in  the  same  line.  The  matrix  of  the 
received  voltage  is  given  by 


measurement  configuration 


pro  pro 
^hsh  ^hsv 

pro  pro 
^vsh  ^vsv 


4n 


4n 


(3) 


\  ^ 

^hshs  ® 

\h  o’ 

1  0 

0  . 

0  T 

_0  1_ 

A  ^ 

vivj 

_  VV 

is  the  transmitted  power,  Gj  is  the 


(b)  measurement  configuration 


where  -  £^/2ri 
nominal  gain  of  the  transmitting  antenna,  is  the  nominal 
gain  for  the  receiving  antenna,  kd  is  a  phase  factor  that 
accounts  for  the  propagation  between  the  target  and  the  radar, 
d  is  the  range  between  the  two  antennas.The  subscript  o 
denotes  quantities  associated  with  the  direct  path. 


Fig.  2  Schematic  representation  of  the  transmitting  and  receiving  antennas 
-(a)  calibration  configuration  -  (b)  measurement  configuration 

and  phase  errors  in  the  transmitted  signal  and  or  rep¬ 
resent  the  cross-polarization  coupling.  In  the  same  way, 
or  represent  the  amplitude  and  phase  errors  introduced 
by  the  receiver  and  Ry^^^^  or  R^^y^^  represent  the  cross-polari¬ 
zation  coupling  terms  of  the  receiver. 

CALIBRATION  APPROACH 

When  you  use  a  bistatic  polarimetric  instrumentation  based 
on  a  network  analyser  (Fig.  1)  outdoors,  it  can  be  assumed 
that  the  transmit  and  receive  antennas  of  the  measurement 
system  each  have  excellent  isolation  between  their  h  and  v 
ports  [2],  thus  the  distortion  matrices  are  approximately  diag¬ 
onal,  i.  e 


For  a  target  with  unknown  scattering  matrix  [S]  located  at 
a  distance  r  from  the  transmitting  antenna  and  R  from  the 
receiving  antenna,  the  received  voltages  for  the  different 
polarizations  are: 


^hsh  -  I 


\  1 


4tz 


4k 


fly.  ^hshs^hsh^hh 


^hsv  ~ 


1  1 
2r]^GjP^\2fG^l^y^ik(R*r) 


4k  ) 


4k 


fly.  ^hshs^hsv'^vv 


-( 

-vsh  ~  I 

5"  =  f 


1  1 

(«  +  '•) 


4k  ) 


4k 


jfly.  ^vsvs^vsh^hh 


1  1 
2r)  GrPTYfC^X^yaiR^r) 


4k  ) 


4k 


Rr 


R  ^  T 

VV 


(4) 


om  rrWJ 

^hsh  ^hsv 

o/W  ri/n  j 

^vsh 


^hshs  0 

^hsh 

^hsv 

\h 

0 

_  0  R,sys_ 

^vsh 

^vsv 

0 

T 

VV 

With  (3)  and  (4)  it  is  possible  to  calibrate  the  co-polarized 
(2)  terms  and  to  obtain  the  following  expression  for  the  co-polar- 
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ized  scattering  amplitude: 


ponents  of  the  target: 


Tpf" 

„  _Rr  ik(d-R-r)  ^hsh 
^  d  ^ 

E,sH  (5^ 

■p'E 

_  ^  ik{d-R-r)^vsv 

K'-o 

•^V5V 

A  small  error  in  the  term  d,r  or  R  will  have  a  minor  effect 
on  the  magnitude  of  or  but  may  cause  a  large  error 
in  the  phase  angle  of  or  However  the  phase  of 
relative  to  that  of  is  independent  of  {d-r-R), 

With  only  this  measure,  it  is  not  possible  to  calibrate  the 
cross-polarized  component  of  the  bistatic  scattering  matrix. 


B-  Second  step:  calibration  of  the  cross-polarized  terms 


The  direct  path  is  very  useful  for  the  calibration  of  the  co¬ 
polarized  terms  but  unfortunately,  it  cannot  be  used  for  the 
cross-polarized  components.  To  do  this,  it  is  necessary  to  use 
any  target  with  a  strong  cross-polarized  RCS.  To  simulate  this 
target,  the  receiving  or  transmitting  antennas  {or  both  of  them) 
are  rotated  by  an  angle  a  .  By  means  of  this  rotation  a  second 
target  is  simulated  with  a  scattering  matrix  which  can  be  cal¬ 
culated  as  a  function  of  the  rotation  angle  a. 

The  received  voltage  matrix  for  the  direct  path  [E^^]  is: 

1  1 

I  4jt  J  I  4ji  J  , 


^hshs  ^ 

cos  a 

sina 

^hh 

0 

1 

0 

0 

-sina 

cos  a 

0 

T 

0 

1 

_  VJVJ 

vv 

The  subscript  a  refers  to  the  rotation  angle. 


If  we  define  additional  quantity  and  K2  as  in  [4]  as: 


‘'vsh 

"^ksv 


^vsvs^hh 

R  T 
hshs  vv 


(7) 


and 


t  4n~~  J 

Then  using  these  in  combination  with  (4),  we  can  obtain  the 
following  expression  for  the  cross-polarized  scattering  com- 


^hsv  hsv 

j.  ik(d-R-r)-i^  (9) 

^vsh - i 

We  notice  that  the  value  of  angle  a  has  no  effect  in  the 
method. 


CONCLUSION 

The  bistatic  calibration  procedure  described  in  the  previous 
sections  allows  the  calibration  of  a  bistatic  scatterometers 
based  on  a  vector  network  analyser.  Only  the  direct  path 
between  the  transmitting  and  receiving  antennas  is  necessary, 
no  calibrate  target  such  as  a  metallic  sphere  or  a  trihedral  cor¬ 
ner  reflector  is  required.  The  main  advantage  of  this  method  is 
the  absence  of  a  calibration  target,  so  no  target  error  align¬ 
ments  are  introduced.  In  the  same  way,  the  angle  of  the  rota¬ 
tion  of  the  antennas  is  arbitrary.  The  receiver  or  the 
transmitter  can  be  rotated  by  any  angle  a  which  can  permit 
the  simulation  of  a  target  wi^  strong  cross-polarized  terms. 

The  technique  is  very  useful  for  field  operation  because  it 
does  not  require  a  calibration  target. 

Currently  the  procedure  is  used  for  the  measurement  of  the 
bistatic  scattering  matrix  of  the  sea  surface  using  two  different 
positions  for  the  transmitter  and  receiver  and  by  the  use  of  a 
vector  network  analyser. 
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ABSTRACT 

Antenna  reflector  losses  may  play  an  important  role  in  the 
calibration  budget  for  a  microwave  radiometer.  If  the  losses 
are  small  they  are  difficult  to  measure  by  traditional  means. 
However,  they  can  be  assessed  directly  by  radiometric  means 
using  the  sky  brighmess  temperature  as  incident  radiation. 
The  paper  describes  how  such  measurements  are  carried  out 
as  well  as  a  suitable  experimental  set-up.  The  main  reflector 
of  the  European  Space  Agency's  MIMR  system  is  used  to 
demonstrate  the  principle. 

INTRODUCTION 

The  fundamental  pre-launch  calibration  of  spacebome 
radiometer  systems  is  normally  carried  out  with  the  instru¬ 
ment  inside  a  thermal  vacuum  chamber  which  also  includes  a 
calibration  target  viewed  by  the  radiometers  antenna  system. 
The  calibration  target  is  very  accurately  temperature  control¬ 
led  and  is  able  to  provide  brightness  temperatures  over  a 
wide  range,  typically  some  77  K  to  some  300  K.  Such  a  tar¬ 
get  is  difficult  and  expensive  to  develop  -  especially  if  it  has 
to  be  large  in  order  to  serve  a  large  aperture  system.  A  ther¬ 
mal  vacuum  chamber  is  also  not  a  cheap  and  trivial  installa¬ 
tion  -  especially  if  it  has  to  be  large.  For  these  reasons  it  may 
be  necessary  to  dismount  the  antenna  reflector  and  carry  out 
the  calibration  with  the  feed  horns  viewing  the  calibration 
target.  Thus  reflector  losses  must  be  accurately  assessed  so 
that  they  can  be  compensated  for  in  the  data  analysis. 

The  reflection  coefficient  for  a  specimen  of  the  reflector 
material  can  be  measured  on  a  network  analyzer.  However,  if 
the  reflection  coefficient  is  close  to  1,  which  it  will  be  for  a 
decent  reflector,  it  turns  out  to  be  difficult  if  not  impossible 
to  achieve  the  necessary  measurement  accuracy.  On  the  other 
hand  it  is  really  the  emissivity  of  the  reflector  material  we 
need  for  the  radiometric  calibration  correction,  and  this  can 
be  measured  directly  and  accurately  down  to  very  small 
values  by  radiometric  means. 

MEASUREMENT  SETUP 

The  reflector  to  be  measured,  or  a  specimen  of  its  mate¬ 
rial,  is  placed  in  a  large  metal  bucket  together  with  a  radio¬ 
meter  and  a  suitable  horn  antenna.  The  device  under  test 
reflects  the  clear  sky  brighmess  temperature  into  the  radiome¬ 
ter  horn.  The  bucket  diverts  antenna  sidelobes  and  spillover 
towards  clear  sky. 

Figure  1  shows  how  the  reflector  emissivity  is  measured 
in  a  3-step  process  using  the  sky  temperature  as  radiation 
0-7803-3068-4/96$5.00©1996  IEEE 
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(c)  Reflector  and  absorber 
Figure  1:  Measurement  schedule 

source.  First  the  sky  temperature  Tb,S  is  measured  using  a 
lossless  plate  (in  this  case  a  silver  plated  aluminium  plate); 

Tb,1  =  ■  Tb,s  +  (1  ~  h  )Tb,S  =  Tb,s 
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where  n  is  the  beam  filling  factor  of  the  plate,  n  is  assumed 
large  and  the  emissivities  of  the  reflector  and  the  bucket  are 
assumed  small.  This  step  can  be  regarded  as  an  inter-calibra¬ 
tion  of  the  radiometer  and  the  sky  temperature.  Secondly,  the 
reflector  alone  is  measured: 

Tb,2  =  -e-fTB  s(l -£))-}- (l-n)TB  s 

where  Tr  is  the  temperature  of  the  reflector  and  e  is  its  emis- 
sivity.  If  the  reflector  is  very  good  (low  loss)  the  difference 
between  Tg  j  and  Tb^2  is  small.  Finally,  in  the  3rd  step  an 
absorber  having  the  same  physical  size  as  the  lossless  plate  is 
measured: 

Tb,3  =  n  •  Tb^a  +  (1  -  n)  •  Tg^s 


p  =  l- 


4^ 

T1 


11  =  377  when  the  intrinsic  medium  is  air  as  in  our  case, 
p  =  1-e  in  case  of  no  transmission  which  we  can  assume  with 
good  confidence,  considering  our  relatively  thick  metal 
plates. 


For  the  surface  resistivity  we  find:  Rg 
non-magnetic  material: 


or  for 


Rg 


where  Tb,A  is  the  physical  (hence  also  the  brightness)  tem¬ 
perature  of  the  absorber. 

Solving  the  above  3  equations  we  find: 


n  = 


Tb,3  ~  Tfi.l 

Tb,a  -  Tb,i 


(1) 


e  = 


rB,2  ~  Tb,! 

n(TR  -Tg^) 


(2) 


It  is  seen  that  Tb,S  to  be  constant  throughout  the 
experiment.  So,  only  clear  days  without  clouds  can  be  used. 
Also  the  radiometer  must  be  stable  throughout  an  experiment. 
If  the  reflector  is  very  good  the  difference  Tb,2  -  Tb,1 
(which  is  the  dominating  factor  in  determining  the  emissi- 
vity)  become  small  and  the  requirement  to  stability  become 
stringent.  The  crucial  steps  (a)  and  (b)  are  measured  several 
times  alternating  between  them.  The  time  between 
successive  measurements  is  kept  to  2  minutes.  Thus  the  time 
difference  (important  versus  stability)  is  short  and 
measurements  of  the  same  situation  is  repeated  enabling 
drifts  to  be  checked. 

The  aluminium  lined  bucket  has  an  opening  of  3  x  3  m 
and  a  height  of  1.2  m.  The  lossless  plate  is  0.5  x  0.5  m.  3 
noise-injection  radiometers  (5,  17  and  34  GHz)  with  associa¬ 
ted  25  dB  standard  gain  horns  are  used  for  the  measurements. 
The  brightness  temperatures  are  measured  with  a  standard 
deviation  of  0.1  K. 

The  5  GHz  standard  gain  horn  is  very  large  compared  with 
the  lossless  plate  and  it  has  been  found  useful  to  also  employ 
a  smaller  horn  (see  later). 


THEORETICAL  EMISSIVITY 

With  the  notation  Rg  =  surface  resistivity,  and  q  = 
impedance  of  intrinsic  medium,  the  power  reflectivity  for  a 
good  conductor  is: 


where  a  is  the  conductivity,  and  f  the  frequency.  Hence 
we  find 


1  f 
^  15  V  a- 10’ 


Inserting  the  conductivity  for  typical  metals  we  find  the 
values  shown  in  Table  1. 


Conductivity 
s  (s/m) 

Emissivity 

17  GHz  34  GHz 

Silver 

6.17x102 

0.00035 

0.00049 

Copper 

5.80x102 

0.00036 

0.00051 

Aluminium 

3.72x102 

0.00045 

0.00064 

Brass 

1.57x102 

0.00069 

0.00098 

Iron 

1.12x102 

0.00082  * 

0.0012  * 

*  neglecting  magnetic  properties  at  frequency  in  question 


Table  1:  Emissivity  of  some  conductors 

It  is  seen  that  the  difference  between  silver  and  copper  is 
minute  but  also  aluminium  is  very  close. 

If  we  want  to  measure  emissivities  in  the  0.01  range  then 
the  silver  plate  can  be  considered  lossless.  However,  if  emis¬ 
sivity  measurements  in  the  range  around  0.001  is  wanted  then 
corrections  are  needed. 

MEASUREMENTS  ON  METAL  PLATES 

From  preliminary  network  analyzer  measurements  it  is 
expected  that  the  emissivity  of  the  MIMR  reflector  is  quite 
small.  Hence,  it  is  of  interest  to  assess  “emissivity  resolution" 
i.e.  the  lower  limit  of  what  can  be  measured  with  the  present 
setup.  To  this  end  different  metal  plates  have  been  measured 
against  the  "lossless"  plate  in  the  bucket.  Like  for  the  normal 
measurement  procedure  the  test  plate  and  the  lossless  plate 
are  measured  several  times  alternating  between  them  and 
with  2  minutes  between  measurements.  Also  the  absorber  is 
measured  to  determine  the  beam  filling  factor  the  usual  way. 
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The  test  plates  are  of  course  exactly  the  same  size  as  the 
"lossless"  plate. 

Figure  2  presents  results  from  a  preparatory  exercise  mea¬ 
suring  the  difference  between  an  iron  plate  and  the  lossless 
plate.  The  magnetic  properties  of  the  iron  plate  is  not  known 
so  the  actual  value  of  the  emissivity  is  not  known.  It  is  evi¬ 
dent  from  looking  at  the  bar  diagram  in  Figure  2  that  the  iron 
plate  has  an  emissivity  large  enough  to  be  measurable  by  the 
method  employed.  The  reflected  brightness  temperatures  are 
in  the  iron  case  systematically  larger  than  in  the  lossless  case. 
By  averaging  we  find  for  iron:  Tb,2  =  12.94  K,  for  the 
lossless  case:  Tb,1  =  17.50  K.  Inserting  in  formulas  (1)  and 
(2),  we  find:  n  =  0.9814  and  £  =  0.0017.  The  beam  filling 
factor  is  good.  The  emissivity  value  and  the  systematic  beha¬ 
viour  of  the  bar  diagram  lead  us  to  state  that  the  method  can 
measure  emissivity  values  somewhat  smaller  than  0.0017. 


Figure  2:  34  Ghz  measurement  of  iron  and  silver  plates 


In  an  attempt  to  find  the  limiting  value  of  emissivity  that 
we  can  measure,  a  brass  plate  is  used  in  the  following  expe¬ 
riments.  Figure  3  reports  a  17  GHz  measurement  and  it  is 
noted  that  good  stability  prevails  but  there  is  no  systematic 
pattern  in  the  bar  chart.  The  calculated  emissivity  is  as  low  as 
e  =  -0.0002  also  indicating  that  we  cannot  see  the  difference 
between  brass  and  silver.  Hence,  we  cannot  measure  the 
emissivity  of  brass  at  17  GHz  (0.00069  theoretically). 

The  next  experiment,  see  Figure  4,  concerns  the  measure¬ 
ment  of  brass  at  34  GHz.  At  this  frequency  the  theoretical 
emissivity  is  e  =  0.001.  A  careful  inspection  of  the  bar  chart 
shows  that  in  all  cases,  but  measurement  "4",  going  from 
brass  to  silver  results  in  lower  brightness  temperature  while 
going  from  silver  to  brass  results  in  higher  brightness  tempe¬ 
rature.  Hence,  there  is  a  systematic  and  reasonable  pattern  in 
the  bars  and  we  can  feel  confident  that  we  can  perform  an 
emissivity  assessment.  By  proper  averaging  and  using  the 
usual  formula  we  find  e  =  0.0008  which  is  in  fair  agreement 
with  the  theoretical  value  bearing  in  mind  that  it  is  not 
corrected  for  losses  in  the  so-called  "lossless"  plate. 

Hence,  it  is  seen  that  we  can  measure  an  emissivity  of 
0.001.  However,  the  results  from  similar  other  experiments 
not  reported  here  show  that  in  some  cases  we  can  see  the  dif¬ 
ference  between  the  lossless  plate  and  the  brass  plate,  in 
others  not.  In  no  case  can  a  difference  be  detected  at  17  GHz. 


Figure  3: 17  GHz  measurement  of  brass  and  silver  plates 


Figure  4:  34  GHz  measurement  of  brass  and  silver  plates 


This  indicates  that  even  this  figure  is  marginal  and  we  can 
certainly  not  measure  smaller  values.  We  conclude  that  the 
lower  limit  for  emissivity  measurable  by  the  present  setup  is 
0.001. 

MEMR  REFLECTOR  MEASUREMENTS 

In  the  following  a  few  examples  of  measurements  on  the 
MMR  reflector  itself  shall  be  presented.  Figure  5  shows  34 
GHz  results,  (a)  and  (b)  refer  to  the  measurement  steps,  see 
Figure  1.  Stability  is  good  and  by  proper  averaging  we  find: 

Tb,1  =  13.02  K,  Tb,2  =  13.07  K,  Tb,A  =  Tk  =  273  K, 
Tb,3  =  252.11  K,  and  using  the  usual  formulas  (1)  and  (2):  n 
=  o!9196,  e  =  0.0002 

The  beam  filling  factor  is  good,  but  we  cannot  measure 
any  difference  between  the  reflector  and  the  lossless  plate. 
This  is  indicated  by  the  low  emissivity  value,  and  also  evi¬ 
dent  from  the  bar  diagram  in  Figure  5. 

Several  experiments  were  carried  out  spread  out  over  the 
period  from  August  to  December  covering  physical  tempera¬ 
tures  from  27°C  to  -4''C.  In  no  case  could  any  statistically 
significant  difference  be  observed.  This  was  also  the  case  at 
17  GHz. 
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Figure  5:  34  GHz  measurement  of  the  MIMR  reflector 


The  5  GHz  measurements  are  of  special  interest.  The 
MMR  reflecter  is  manufactured  in  carbon  fibre  with  a  very 
thin  metallization  as  reflecting  surface.  One  could  be  nervous 
about  the  performance  at  the  low  frequency  with  its  larger 
skin  depth. 

The  5  GHz  measurements  start  out  with  an  example  where 
the  large  standard  gain  horn  is  used,  see  Figure  6.  We  find  n 
=  0.7589,  and  e  =  -0.0043.  This  measurement  indicates  that 
the  MIMR  reflector  is  better  than  the  lossless  plate  which  is 
of  course  nonsense.  The  beam  filling  factor  is  poor  due  to  the 
large  horn.  In  Figure  7  the  situation  is  rectified  by  using  the 
small  horn.  Here  we  find  n  =  0.8824  and  e  =  -0.0003.  Now 
we  find  the  well  known  situation:  provided  satisfactory  beam 
filling  factor  we  cannot  measure  the  difference  between  the 
MIMR  reflector  and  the  lossless  plate. 


Figure  6:  5  GHz  measurement  of  the  MIMR  reflector, 
large  horn. 


The  question  of  beam  filling  factor  was  examined  by 
further  experiments  also  at  the  higher  frequencies  by  varying 
the  distance  between  the  horn  and  the  reflector  /  lossless 
plate.  As  soon  as  the  beam  filling  factor  reaches  close  to  90% 
we  get  reasonable  measurements,  and  things  do  not  change 
even  if  the  factor  is  further  enlarged  The  explanation  to  this 
behaviour  is  sought  in  edge  illumination  problems:  When  the 
beam  filling  factor  is  inadequate  for  whatever  reason 


(distance  too  large,  horn  too  big)  reflections  /  diffraction  in 
the  edges  of  the  lossless  plate  contributes  significantly  to  the 
received  radiation.  The  bias  by  these  contributions  can  only 
go  in  one  direction  since  the  nadir  brightness  temperature  is 
the  lowest  possible  and  could  thus  explain  our  problems. 


Figure  7:  5  GHz  measurements  of  the  MEMT  reflector. 


small  horn 

DISCUSSIONS  AND  CONCLUSIONS 

•  The  experiments  with  different  metal  plates  indicate  that 
the  present  measurement  setup  cannot  measure  emissi- 
vities  below  0.001.  It  is  for  example  obvious  that  we 
cannot  measure  the  difference  between  aluminium  and 
silver  (the  "lossless"  plate),  and  the  bucket  can  be 
regarded  as  lossless. 

•  The  experiments  with  the  MIMR  reflector  show  that  in 
the  frequency  range  5-34  GHz  we  cannot  see  any 
difference  between  the  reflector  and  the  lossless  plate.  It 
is  believed  that  the  reflector  (which  is  manufactured  in 
carbon  fibre  and  coated  with  a  thin  layer  of  aluminium) 
concerning  emissivity  approaches  that  of  an  aluminium 
plate  (emissivity  in  the  range  of  0.00024  -  0.00064).  This 
cannot,  however,  be  proven  by  the  present  measurements 
due  to  the  e  =  0.001  limit  stated  above.  But  we  can 
conclude  that  in  the  frequency  range  5-34  GHz  the 
emissivity  of  the  MMR  reflector  is  below  0.001. 

•  Measurements  have  been  carried  out  in  the  temperature 
range  +27*^  C  to  -4'^  C.  No  dependence  on  temperature  is 
found. 

•  The  sky  brightness  temperature  reflected  in  a  reflector 
having  an  emissivity  of  0.001  and  a  physical  temperature 
of  300  K  is  only  modified  by  0.3  K.  The  somewhat 
higher  brightness  temperatures  from  Earth  targets  are 
modified  correspondingly  less  (some  0.2  K  worst  case). 
This  means  that  correction  for  MIMR  main  reflector 
losses  are  hardly  warranted.  0.2  K  must  be  included  in 
the  calibration  budget. 

•  If  better  values  for  the  emissivity  of  the  MMR  reflector 
are  needed  the  way  forward  is  to  adopt  a  slightly 
different  measurement  concept:  a  specimen  of  the 
reflector  material  having  the  shape  and  size  of  the 
lossless  plate  must  be  manufactured.  The  specimen  and 
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the  lossless  plate  are  again  measured  alternatively  in  the 
metal  bucket.  It  is  possible  to  make  a  mechanism  so  the 
specimen  and  the  lossless  plate  can  be  interchanged  in 
seconds  -  speed  is  a  major  factor  considering  instrument 
and  atmosphere  instabilities.  At  the  same  time  geometry 
is  consistent  and  edge  effects  wUl  cancel.  This  way  very 
accurate  measurements  are  possible. 
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ABSTRACT 

Electromagnetic  wave  propagation  and  scattering  in  dense 
media  depends  on  the  3-D  pair  distribution  function  of  parti¬ 
cle  positions  [1].  In  the  past  researchers  have  assumed  a 
fonn,  such  as  Percus-Yevick  (PY),  for  the  pair  function  in 
snow.  Recent  efforts  in  the  snow  community  have  concen¬ 
trated  on  analyzing  planar  snow  sections  to  obtain  2-D  stere- 
ological  data.  In  this  paper  we  calculate  the  volume  3-D  pair 
distribution  function  from  the  2-D  stereological  data  by  solv¬ 
ing  Hanisch's  integral  equation  [2].  We  first  use  Monte  Carlo 
simulations  for  single  and  multi-size  particles  to  verify  the 
inversion  procedure  with  good  results.  Next  we  apply  the 
procedure  to  available  planar  snow  sections.  A  log-nonnal 
distribution  of  particle  sizes  is  assumed  for  the  ice  grains  in 
snow  with  the  distribution  parameters  derived  from  stereo- 
logical  measurements.  The  3-D  pair  function  can  be 
expressed  as  a  weighted  sum  of  size  specific  pair  functions 
which  are  necessary  for  scattering  calculations.  We  choose  a 
small  number  of  representative  particle  sizes  and  use  a  legist 
squiires  non-linear  tit  to  decompose  the  3-D  pair  function  into 
piiir  functions  for  those  particles.  The  fit  procedure  is  con¬ 
strained  by  a  set  of  physiadly  meaningful  rules  and  can  only 
be  applied  to  those  sizes  with  sufficient  number  densities. 
Amilysis  of  scattering  from  log-normally  distributed  spheres 
indicates  the  larger  particles  contribute  strongly  to  the  inde¬ 
pendent  scattering  but  have  relatively  small  interaction  terms. 
Since  the  large,  sparsely  distributed  particles  are  not  reuiev- 
able  from  the  fit  and  have  relatively  small  iteraction  terms  we 
include  their  scattering  contribution  by  using  the  hole  correc¬ 
tion  approximation.  The  family  of  recovered  pair  distribution 
functions  gives  scattering  rates  comparable  to  those  calcu¬ 
lated  under  the  PY  approximation, 
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PAIR  DISTRIBUTION  FUNCTION 

The  pair  districution  function  g^(r)  represents  the  probabil¬ 
ity  that  two  particles  in  3-D  space  are  separated  by  a  distance 
r.  An  expression  for  gv(r)  is  given  by  Hanisch  [2] : 

1  dK  (r) 

, - ^  (1) 

47cr 

where  NyK^fr)  can  be  interpreted  as  the  mean  number  of 
particles  in  a  sphere  of  radius  r  and  is  the  mean  number  of 
particles  per  unit  volume.  For  a  single  particle  size,  gv(r)  is 
the  same  as  the  pair  distribution  function  used  in  dense  media 
theory  to  calculate  scattering.  A  similar  form  exists  for  g^Cr) 
which  is  the  area  pair  distribution  function  and  is  measurable 
from  section  data. 

There  has  been  much  effort  in  quantitative  stereolgy  to 
relate  3-D  quantities  to  those  that  can  be  measured  from  1  -D 
and  2-D  cross  section  data.  When  the  particles  are  spherical 
in  size  and  their  size  distribution  is  known,  an  integral  equa¬ 
tion  due  to  Hansich  [2]  can  be  developed  for  a  section  of 
thickness  t: 


where  E[^]  =  ro  is  the  mean  radius  of  the  ice  grains  and 
f(u,t)  is  related  to  the  cumulative  distribution  function  for  the 
sphere  size. 


gv(r)  gA(r) 


Figure  1 :  Left-hand  plot  is  gv(r)  from  computer  simulation  (solid  line) ,  calculated  from  Percus  Yevick  (dotted  line). 
Right-hand  plot  is  gA(t)  fron*  computer  simulation.  The  x  axis  for  both  plots  are  normalized  to  Tq. 


RESULTS  FROM  MONTE  CARLO  DATA 

The  Metropolis  technique  was  used  to  deposit  N=3500 
spheres  with  radius  ro  into  a  test  cube  so  they  occupied  30%  by 
volume.  The  cube  was  cut  into  17  section  planes  which  were 
used  to  calculate  g^lr)  shown  in  the  right-hand  plot  of  Fig.  1 . 
Hanisch’s  integral  equation  was  then  inverted  to  yield  the  vol¬ 
ume  pair  distribution  function  that  is  shown  in  the  left  of  Fig. 
1  (solid  line)  along  with  gv(r)  calculated  from  the  Percus- 
Yevick  approximation  (dotted  line).  Note  that  for  this  single 
size  case,  there  is  zero  probability  that  the  particles  are  sepa¬ 
rated  by  a  distance  less  than  2  rQ. 


SCATTERING  FROM  MULTI-SIZED  SPHERES 

For  a  system  of  particles  with  L  different  sizes  i  =  1,2,..  .L 
and  number  density  nj  gy(r)  can  be  represented  in  terms  of  the 
ptiir  distribution  function  between  species  Sj  and  Sj,  gij(r),  as 


ij 


(3) 


where  iiq  is  tlie  total  number  density  of  the  particles. 


The  effective  wavenumber  for  a  system  of  particles  can  be 
calculated  from  the  Fourier  transform  of  the  correlation  func¬ 
tion,  hij(r)  =  gij(r)  -  1,  under  the  quasi-crystalline  approxima¬ 
tion  ((3CA)  and  the  quasi-crystalline  approximation  with 
coherent  potential  (QCA-CP)  [3].  In  these  calculations,  hjj  is 
weighted  by  the  cube  of  the  particle  radius  and  number  density 
of  the  particle. 


SNOW  SUBSECTIONS 

The  2-D  subset  ions  of  snow  were  prepared  by  saturating 
the  pore  void  with  firler,  then  cutting,  polishing  and  enhancing 
the  contrast  so  the  snow  grain  profiles  can  be  automatically 
classified  against  the  pore  filler  [4].  One  snow  section  pre¬ 
pared  in  this  fashion  at  the  Cold  Regions  Research  and  Engi¬ 
neering  Laboratory  (CRREL)  is  shown  in  Fig.  2.  It  has  been 
observed  that  the  diameters  of  the  snow  grains  follow  a  log¬ 
normal  distribution  [5]  and  furthermore  that  the  parameters  of 
the  distribution  can  be  obtained  from  stereological  data.  We 
use  five  representative  sizes  for  the  log-normal  distribution. 

To  determine  g^Ir)  from  snow  subsections  the  grain  pro¬ 
files  were  fitted  with  area  equivalent  circles  and  the  separation 
distances  between  the  circles  were  recorded. 


Figure  2 : 

Snow  section  from 
March  3,  1993 
site  in  Fairbanks,  Alaska 
ice  grain  volume  22% 
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Gu  FROM  PLANAR  SNOW  SECTIONS 

The  volume  pair  distribution  function  gv(r)  can  be 
obtained  from  inversion  of  (2)  once  the  area  pair  distribution 
function  gyj^(r)  and  the  size  distribution  have  been  determined 
from  section  data.  The  recovered  volume  pair  distribution 
function  for  the  snow  section  in  Fig.  2  is  shown  in  the  right- 
hand  plot  of  Fig.  3  as  a  function  of  r  in  mm. 

To  calculate  the  scattering  from  the  ice  grains,  gv(r)  needs 
to  be  decomposed  into  size  specific  gij(r)  as  in  (3).  We  repre¬ 
sent  gv(r)  as  a  sum  of  basis  functions  with  the  functional  form 

cos(^i^(r-rp)  +  l)  (4) 

where  the  double  index  i,j  has  been  collapsed  into  a  single 
index  k  with  rj^=rj  +  rj  and  h(r)  is  the  step  function.  Equation 

(4)  contains  two  adjustable  parameters  Aj^  and  which  rep¬ 
resent  the  amplitude  of  the  pair  function  and  the  strength  of 
the  oscillation  and  decay.  These  parameters  are  determined  by 
an  iterative  minimization  of  the  least  squares  error  between 
the  gv(r)  recovered  from  the  snow  section  and  that  given  by 
the  sum  of  the  basis  functions  in  (4).  The  right-hand  plot  of 
Fig.  3  shows  a  comparison  of  this  sum  (dotted  line)  and  the 
retrieved  gv(r). 

The  size  specific  pair  distributions  functions  resulting  from 
this  procedure  are  shown  in  the  left  plot  of  Fig.  3.  Scattering 
calculated  with  these  pair  functions  compares  well  with  that 
calculated  under  the  Percus-Yevick  approximation  for  the 
Siune  size  distribution  under  the  QCA-CP  approximation. 


CONCLUSIONS 

Scattering  characteristics  of  dense  media  depends  on  3-D 
particle  statistics.  We  have  demonstrated  the  recovery  of  the 
volume  pair  distribution  function  from  2-D  sections  of  both 
computer  generated  data  and  actual  snow  samples.  The  pro¬ 
cess  requires  1)  measurement  of  gA(t)>  2)  inversion  of  Han- 
sich’s  integral  equation  with  a  specific  size  distribution,  and 
3)  decomposition  into  size  specific  pair  functions.  Further 
details  of  the  process  can  be  found  in  [6]. 
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Abstract  -  -  In  this  paper,  a  study  of  the  effects  of  time- 
varying  snowcovers  on  the  radar  backscatter  signatures 
is  presented.  To  this  objective,  a  snow  physics  model, 
known  as  SNTHERM,  is  applied  to  enable  the  simulation 
of  the  dynamical  behavior  of  snowpacks.  The  SNTHERM 
model  can  provide  thermal  and  physical  properties  such 
as  the  temperature  profile,  liquid  water  content,  and  the 
layering  structure  which  affect  the  electromagnetic  prop¬ 
erties  of  snowpacks.  To  calculate  the  backscattering  co¬ 
efficients  from  snowcovers,  we  employ  the  dense  medium 
radiative  transfer  (DMRT)  theory  with  a  clustered  snow 
grain  microstructure.  This  coupled  model  is  then  used 
to  predict  the  influence  of  environmental  variation  on 
the  millimeter  wave  radar  response,  and  compare  simula¬ 
tion  results  with  snow  backscatter  measurements.  Good 
agreement  is  obtained  between  model  and  measured  data 
in  both  timing  and  magnitude. 


INTRODUCTION 

The  seasonal  snowcover  is  a  major  environmental  factor 
over  the  earth  surface.  On  the  ground,  snow  is  a  highly 
inhomogeneous  medium  consisting  of  mixture  of  ice,  air, 
and  liquid  water.  The  unbonded  spherical  particle  has 
been  widely  used  in  the  modeling  of  snow  grains.  How¬ 
ever,  natural  snow  grains  are  in  a  clustered  form.  In  or¬ 
der  to  account  for  the  clustering  behavior  of  ice  particles, 
we  apply  the  sticky  hard  sphere  model  [1],  assuming  the 
presence  of  surface  adhesion  between  particles,  to  simu¬ 
late  a  system  of  spherical  particles  that  are  not  only  ran¬ 
domly  organized  but  also  have  a  tendency  to  form  bonds 
with  each  other.  It  is  also  possible  to  describe  adhesive 
particles  statistically  with  Percus-Yevick  sticky  particle 
pair  distribution  function  [1],  which  can  be  utilized  in  the 
dense  medium  radiative  transfer  (DMRT)  theory  to  study 
the  electromagnetic  interactions  with  snowpacks  [2-4]. 

Seasonal  snowpacks  are  also  highly  variable  in  their  tem¬ 
poral  and  spatial  behavior.  Knowledge  of  the  snowcover 
physics  which  govern  the  heat  and  mass  transfer  is  essen¬ 
tial  for  predicting  the  dynamically  changing  snow  texture 


under  varying  environmental  conditions.  The  SNTHERM 
model  developed  at  the  U.S.  Army  Cold  Regions  Research 
and  Engineering  Laboratory  (CRREL)  [5]  can  provide  in¬ 
sight  into  the  snow  densification  and  metamorphosis  pro¬ 
cess,  as  well  as  the  thermal  and  physical  properties,  such 
as  the  temperature  profile,  liquid  water  content,  and  the 
layering  structure.  In  this  study,  we  coupled  the  DMRT 
three-dimensional  scattering  model  with  the  SNTHERM 
one-dimensional  snow  physics  model  to  interpret  the  diur¬ 
nal  variations  of  the  millimeter  wave  radar  returns  from 
a  series  of  experiments  conducted  by  the  University  of 
Massachusetts  at  Amherst  during  March  1993  [6]. 


DMRT;  SNOW  SCATTERING  MODEL 


In  a  snowpack,  the  ice  particles  occupy  an  apprecia¬ 
ble  volume  fraction  such  that  the  classical  assumption 
of  independent  scattering  is  no  longer  valid.  This  defi¬ 
ciency  is  corrected  by  the  dense  medium  radiative  transfer 
(DMRT)  theory  [2].  The  DMRT  theory  has  been  applied 
to  study  the  active  and  passive  remote  sensing  of  snow 
terrain  [3,4].  The  layered  geometry  of  a  snowcover  is  de¬ 
picted  in  Figure  1:  the  upper  half  space  is  air;  the  lower 
half  space  is  soil  with  complex  permittivity  e^;  and  the 
middle  layers  represent  snow.  Within  the  /-th  snow  layer, 
the  constituent  ice  particles  are  random  clusters  of  small 
primary  spherical  particles  of  radius  ai  with  complex  per¬ 
mittivity  65.  The  stickiness  r  is  applied  to  parameterized 
the  clustering  nature  of  snow  grains  [1].  The  aggregated 
ice  particles  are  randomly  distributed  in  a  background 
medium  of  complex  permittivity  eu- 

All  four  Stokes  parameters  can  be  included  in  the  vector 
DMRT  equation  (1)  which  describes  the  propagation  of 
specific  intensities  inside  the  /-th  layer, 


COS0  —Ii{9,(t),z)  =  -Keili{0,(l>,z)  -f 


/  /  d9'  sine'  Piie,<i>-,e',ct>')-ii{e',(i>',z)  (i) 

Jo  Jo 
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with  elevation  angles  0<^  <  tt.  Ii{0,(t>^z)  is  the  Stokes 
vector  in  the  direction  (0,  (^),  Ke/  is  the  effective  extinction 
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Figure  1:  A  schematic  diagram  of  multilayer  snow 
medium.  The  upper  and  lower  half  spaces  are  homoge¬ 
neous  with  permittivities  e©  and  Cg,  respectively. 

rate,  and  is  the  phase  matrix  which  has 

been  modified  to  be  dependent  upon  the  extinction  rate 
and  albedo  [2-4].  The  boundary  conditions  for  the  specific 
intensities  at  z  =  di  are,  for  0<0i<n/2, 

,  0/+1  ?  ^ 

=  z  —  -di) 

{6u(f>i,z  —  -di) 

+  S/(;+i)(0f)  -7,”  {'K-eu4>uz  =  -di)  (3) 

where  the  intensities  in  the  scattering  layer  have  been  bro- 
ken  into  upward  going  intensities  {9,<j)^z)  and  down¬ 
ward  going  intensities  //  (tt  — 0,<^,2).  In  the  above  equa¬ 
tions  TiQ-\.i){9i)  is  the  transmission  matrix  which  rep¬ 
resents  the  coupling  from  region  I  to  region  Z  +  1,  and 

Ri(i^i){0i)  is  the  refiection  matrix  which  represents  the 
coupling  from  upward  going  intensities  into  downward 
going  intensities  at  the  boundary  of  region  Z  and  region 
Z  -1- 1.  The  angles  61  and  61+1  in  layers  Z  and  Z  +  1,  re¬ 
spectively,  are  related  to  each  other  by  Snell’s  law.  The 
discrete-ordinate  eigenanalysis  technique  is  used  in  solv¬ 
ing  (1)  and  the  quadrature  rule  used  here  is  the  method 
that  adopted  by  Tanaka  and  Nakajima  [7]. 

SNTHERM:  SNOW  PHYSICS  MODEL 

SNTHERM  is  a  one-dimensional  snowpack  physics  model 
that  was  developed  at  the  U.S.  Army  Cold  Regions  Re¬ 
search  and  Engineering  Laboratory  (CRREL)  [5].  The 
model  considers  a  snowcover  over  soil  ground  and  can 
predict  temperature  profile  within  the  strata  of  snow  and 
frozen  soil.  SNTHERM  also  simulates  various  physical 
and  hydrological  processes  within  a  snowcover,  including 


Table  1:  Sample  SNTHERM  Output  File 


layer 

thickness 

(cm) 

snow 

density 

(kg/m^) 

liquid 

density 

(kg/m^) 

grain 

diameter 

(m) 

temperature 

(OR) 

2 

289.2959 

40.83261 

0.001054 

273.1251 

6 

281.7177 

38.72473 

0.001652 

273.1249 

8 

279.3642 

25.37651 

0.002019 

273.1112 

water  fiow,  compaction,  grain  growth,  and  snow  abla¬ 
tion  and  accumulation.  In  the  model,  the  snowcover  and 
soil  ground  are  subdivided  into  stacked  layers  with  hor¬ 
izontally  infinite  control  volumes,  each  of  which  is  then 
subject  to  the  governing  equations  for  heat  and  mass  bal¬ 
ance.  The  mass  of  ice  and  water  is  assumed  to  be  con¬ 
served  under  the  contraction  of  control  volume,  whereas 
the  displaced  portion  of  air  and  water  vapor  are  expelled. 
At  each  time  step,  the  mass  balance  equations  are  solved 
first  and  water  flux  and  snow  density  from  this  compu¬ 
tation  are  used  in  the  subsequent  solution  of  the  energy 
equation.  The  detailed  description  of  theoretical  mod¬ 
els  and  numerical  methods  of  SNTHERM  are  referred  to 
Jordan  [5]. 

Giving  the  initial  temperature  profile,  water  content, 
grain  sizes,  and  layer  densities  of  snow  layers,  plus  the 
subsequent  meteorological  conditions  such  as  air  tem¬ 
perature,  wind  speed,  precipitation,  and  solar  radia¬ 
tion,  SNTHERM  can  provide  various  snow  parameters  at 
hourly  intervals.  Among  them,  the  stratified  structure  of 
snow  layers,  grain  size,  bulk  snow  density  and  liquid  den¬ 
sity  are  important  inputs  to  the  DMRT  scattering  model. 
Table  1  presents  a  partial  listing  of  a  SNTHERM  output 
file  for  a  3-layer  structure  of  a  wet  snow  case.  It  indicates 
that  the  density,  size,  and  wetness  varies  with  the  layer 
structure  and  the  temperature  profile. 


COMPARISON  OF  MODEL  AND  MEASUREMENTS 

The  experimental  data  sets  are  from  a  series  of  snow  mea¬ 
surements  conducted  by  the  University  of  Massachusetts 
at  Amherst,  1  March  (day  60)  to  8  March  (day  67)  1993 
[6].  In  these  experiments,  three  radar  systems  operat¬ 
ing  at  35,  95,  and  225  GHz  were  used.  The  95  and  225 
GHz  radars  are  fully  polarimetric.  The  35  GHz  radar  was 
only  capable  of  VV-polarized  radar  cross-section  measure¬ 
ments.  Besides  the  radar  signatures,  the  meteorologi¬ 
cal  and  ground  information  were  also  recorded,  includ¬ 
ing  air  temperature,  wind  speed,  and  relative  humidity, 
snow  liquid  water  content  per  volume,  average  ice  grain 
diameter  and  volume  fraction,  and  snow  depth.  Meteo¬ 
rological  data  were  used  to  drive  SNTHERM,  whose  pre¬ 
dictions  compared  very  closely  with  the  field  measure¬ 
ments.  Theoretical  calculations  based  on  the  DMRT  and 
the  SNTHERM  models  are  compared  with  the  backscat- 
tering  coefficients  cTw  at  35  GHz  in  Figure  2,  and  with 
the  ayy  and  (Xhh  at  95  GHz  in  Figures  3  and  4,  respec¬ 
tively.  The  radar  response  shows  a  strong  diurnal  fluctu¬ 
ation  which  is  due  to  the  effects  of  liquid  water  within  the 
snowpack.  The  backscatter  drops  during  daytime  periods 
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Figure  2:  Comparison  of  models  with  snow  measurements 
at  35  GHz  and  60°  incident  angle  [6]. 


when  the  temperature  rises  and  liquid  water  content  in¬ 
creases.  While  in  cold  nights,  the  backscatter  tends  to 
rise  again  because  of  the  refreezing  of  the  snow.  It  can 
be  seen  that  there  is  good  agreement  between  the  model 
and  the  measured  data  in  both  timing  and  magnitude. 


CONCLUSION 

In  this  paper,  we  have  investigated  the  relationship  be¬ 
tween  the  electromagnetic  sensor  response  and  the  snow- 
cover  changes  under  time-varying  environmental  condi¬ 
tions.  The  DMRT  and  SNTHERM  models  are  applied 
to  study  the  influence  of  surface  energy  exchange  over 
snow  on  the  backscatter,  and  compare  with  experimental 
data.  We  demonstrated  that  SNTHERM  can  provide  the 
linkage  between  the  snow  metamorphsis  and  the  electro¬ 
magnetic  properties  of  snowcovers.  It  predicts  important 
snow  model  parameters  which  are  difficult  to  obtain  from 
ground  truth  measurements.  Also,  the  coupled  DMRT 
and  SNTHERM  model  can  be  useful  in  predicting  the 
multi-temporal  radar  response  of  snowcovers,  and  in  re¬ 
trieving  snow  parameters  for  remote  sensing  applications. 


Day  Number 

Figure  3:  Comparison  of  models  with  snow  measurements 
at  95  GHz  and  60°  incident  angle  [6]. 


Figure  4:  Comparison  of  models  with  snow  measurements 
at  95  GHz  and  60°  incident  angle  [6]. 
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Abstract  —  Transient  response  of  a  Gaussian  beam  scattering 
from  a  layer  of  discrete  random  medium  is  examined  for  the 
case  of  a  narrowband  pulse.  The  scattered  fields  from  the 
medium  are  calculated  by  using  the  analytical  wave  theory 
in  conjunction  with  the  distorted  Born  approximation.  The 
model  is  used  to  generate  results  using  the  configuration  for  the 
TRMM  satellite  overlooking  rain.  The  response  of  the  medium 
is  examined  in  terms  of  the  different  components  of  the  received 
power  for  different  look  angles  varying  from  nadir  to  18^. 

INTRODUCTION 

Electromagnetic  backscattering  from  a  layer  of  discrete  ran¬ 
dom  medium  illuminated  by  a  short  pulse  is  studied.  The 
layer  has  a  thickness,  d  and  lies  over  a  flat  ground,  modeled 
as  an  homogenous  half  space  with  a  dielectric  constant,  Cg. 
The  particles,  which  have  a  dielectric  constant,  are  identical 
and  distributed  randomly  inside  the  layer  with  free  space  in 
the  background.  The  coordinate  system  of  the  medium  is  de¬ 
scribed  by  {x^y^z).  A  two  dimensional  Gaussian  beam,  which 
is  obtained  in  the  far  field  of  an  aperture  antenna  with  excitation 
fields  given  by  Eap  ~  y  g{xa),  is  incident  on  the  particles. 
The  coordinate  system  of  the  antenna  is  denoted  by  (xa^y,  Za) 
where  Za  corresponds  to  the  normal  to  the  antenna  plane.  The 
incident  pulse,  p(t)  is  a  short  pulse  which  can  be  assumed  to 
be  a  narrowband  signal  for  practical  purposes.  The  analysis  is 
confined  to  the  scalar  treatment  for  the  hh  polarization.  The 
configuration  of  the  problem  is  shown  in  Fig.  (1). 

FORMULATION 

The  problem  can  be  reduced  to  a  time  harmonic  problem  by 
decomposing  the  incident  pulse,  p{t)  into  its  frequency  com¬ 
ponents  by  a  Fourier  transform: 

p(t)  =  j  p(w)  e-*"'*  dw  (1) 

The  transient  response  from  the  medium  can  then  be  determined 
by  superposing  the  time  harmonic  response  for  all  frequencies 
in  (1),  [3].  Due  to  the  random  nature  of  the  medium,  each  time 
0-7803-3068-4/96$5.00©1996  IEEE 


Figure  1.  Problem  Configuration 


harmonic  component  of  the  received  field  consists  of  a  mean 
and  a  fluctuating  component,  such  as: 

^(r;tt;)  =<^(r;rt;)>  -h^(r;u;),  <^{r]w)>  —  0  (2) 

Consequently,  the  stochastic  average  for  the  correlation  of  the 
received  field  can  be  broken  into  two  parts: 

<^{r,w)^{r',w)>  —  <^{r,w)>  <^*(r,ty)> 

-f  <^{r,w)^*{r,w)>  (3) 

The  first  term  on  the  right  in  (3)  is  associated  with  the  mean 
wave  and  is  refered  to  as  the  coherent  term.  It  depends  on 
the  specular  reflection  of  the  mean  field  from  the  ground.  It 
has  the  shape  of  a  Gaussian  beam,  traveling  in  the  direction 
of  the  specular  reflection.  For  the  backscatter  case,  only  the 
normal  looking  component  of  the  mean  field  contributes  to  the 
received  power,  Fig.  (2).  The  reflected  beam  is  determined 
by  multiplying  the  Gaussian  beam  traveling  in  the  specular 
direction  with  the  reflection  coefficient  of  the  surface.  In  Fig. 
(2),  the  shaded  region  shows  an  equivalent  medium  which  has 
the  same  attenuation  characteristics  as  the  layer  of  particles  in 
Fig.  (1).  As  implied  in  Fig.  (2),  the  coherent  response  involves 
no  particle  effects  other  than  the  attenuation  as  it  travels  inside 
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the  equivalent  layer.  Assuming  that  the  illuminated  medium 
is  in  the  far  field  of  the  antenna,  the  coherent  term  can  be 
calculated  asymptotically,  from  the  superposition  of  the  time 
harmonic  components,  [5]  as: 

Pcoh{t)  =  acoh\Vo?t{z)p\t  -  ^))  (4) 

where,  To[z)  denotes  the  equivalent  reflection  coefficient  from 
the  surface  at  2:  =  0  and  g  is  the  Fourier  transform  of  the 
Gaussian  excitation,  g{xa)  at  the  aperture  plane.  In  the  deriva¬ 
tions  for  the  expression  above,  a  narrowband  approximation  is 
invoked  so  that  expressions  like  the  reflection  coefficient,  To  or 
the  Gaussian  function,  g  are  assumed  to  stay  constant  over  the 
frequency  range. 


Figure  2.  Coherent  Response 


Particle  scattering  effects  are  included  in  the  incoherent  itrva 
which  is  the  second  term  on  the  right  in  (3).  This  term  will  be 
calculated  using  a  single  scattering  mechanism,  known  as  the 
distorted  Born  approximation.  The  advantages  over  the  usual 
Born  approximation  are:  (i)  mean  wave  is  incident  on  the 
particles;  (ii)  attenuation  of  the  mean  wave  as  it  propagates 
inside  the  layer  is  accounted  for.  Using  the  distorted  Born 
approximation,  the  incoherent  term  in  (3)  is  calculated  as  an 
average  over  the  particle  position  and  orientation  inside  the 
medium  as  follows: 

<^(r,iu)$*(r,iu)>=  J  ds  p{s)  (l>s{r,s)  (j)*{r,s)  (5) 

In  the  equation  above,  (j)s  (r ,  s)  denotes  the  scattered  field  from 
a  particle  located  at  s  inside  the  layer.  The  overbar  refers  to 
the  average  over  the  orientation,  and  the  integration  over  s 
corresponds  to  the  average  over  position,  with  p{s)  defined  as 
the  particle  density.  Using  the  distorted  Born  approximation, 
s)  is  calculated  in  terms  of  the  mean  field  as: 

(j)s{r,  G(r,  r')  t{r'  —  s,  r"  —  s)  <  ^(r")  > 

(6) 

where,  t{r,r*)  is  the  transition  operator  which  relates  the  in¬ 
cident  field  on  a  particle  to  an  equivalent  source  within  the 
boundaries  of  that  particle  and  G(r ,  r')  is  the  Green’s  function 


for  the  medium.  The  mean  wave,  <  ^(r)  >  is  determined 
using  the  Foldy-Lax  approximation.  The  Green’s  function  is 
obtained  by  first  considering  a  half  space  of  particles  and  apply¬ 
ing  the  boundary  conditions  at  the  ground,  [2].  The  remaining 
unknown  in  (6)  is  the  transition  operator,  f  (r ,  r') .  It  is  related  to 
the  scattering  amplitudes,  /(a,  5)  through  a  Fourier  transform, 
when  the  slowly  varying  part  of  the  mean  wave  is  constant  over 
the  size  of  the  particle,  [1]. 

Using  the  expressions  for  these  terms  in  (6),  and  employing 
(6)  in  (5),  the  incoherent  power  can  be  represented  by  three 
dominant  returns:  (1)  direct  term,  which  involves  scattering 
of  the  incident  wave  directly  back  to  the  antenna;  (2)  direct- 
reflected  term,  which  is  due  to  the  scattering  of  the  incident 
wave  through  a  single  interaction  between  a  particle  and  the 
ground;  (3)  reflected  term,  which  occurs  when  the  incident 
wave  arrives  at  the  antenna  after  a  diuble  bounce  from  the 
ground.  The  behavior  of  these  components  are  shown  in  Fig. 
(3).  As  we  observe  in  the  figure,  the  direct-reflected  component 


Direct 


Figure  3.  Components  of  Incoherent  Response 


Direct-Reflected 


is  composed  of  two  terms,  where  the  field  is  incident  on  a 
particle  either  directly,  along  ;  or  through  a  reflection  from 
the  ground,  along  Both  terms  have  the  same  phase  when 
they  arrive  at  the  antenna.  In  the  power  calculations,  these 
two  terms  couple  in  four  different  ways.  It  is  the  coupling  of 
these  two  terms  with  each  other  that  can  cause  a  diferrence  of 
upto  3  dB  with  the  radiative  transfer  theory.  Denoting  the  three 
cases  of  the  incoherent  power  by  dd  for  the  direct  term,  dr 
for  the  direct-reflected  terms,  and  rr  for  the  reflected  term,  the 
incoherent  power  is  written  as: 

Pincit)  =  Ptlit)  +  Pt{t)  +  Pr,{t)  (7) 

Invoking  the  narrowband  approximation  as  before,  and  assum¬ 
ing  that  all  particles  are  in  the  far  field  of  the  antenna,  the  three 
components  of  the  incoherent  power  is  calculated  asymptoti¬ 
cally  [6],  as  follows: 

PinciP)=jds^dd\^{i7)\  ^2  P^it-tddis))  (8) 
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/(<  -  idr(s))(9) 


2p  Oidr^z 


PfnM  = jdsOdr  [?(*,  )  9{lt )] 

r  r  /K  l  4p  ^rr^z 

^lnc(t)=J(^S^rrlff(it)l  —^P^it-trris))  (10) 


where  Wp^  13  £  {dd,  dr,  rr}  is  a  function  of  the  scattering 
cross  section  of  the  particle  under  the  associated  condition.  It 
also  involves  the  particle  density  and  the  reflection  coefficient 
for  the  terms  that  experience  reflection  from  the  ground.  The 
time  delays,  tp{s)  correspond  to  the  pathlengths  traveled  for 
each  case; 


tdd{s)  =  tdris)  =  trr{s)  =  (11) 

where  and  Vsj  correspond  to  the  direct  and  reflected  paths  for 
a  particle  at  5  and  c  is  the  speed  of  light.  Finally,  a/?  corresponds 
to  the  attenuation  associated  with  the  path  traveled  by  each 
component  to  the  particle. 

NUMERICAL  DISCUSSIONS 

In  this  section,  the  configuration  for  the  TRMM  satellite  will 
be  adapted  to  observe  the  received  power  from  a  layer  of  rain. 
Parameters  to  describe  the  medium  are  chosen  so  that  moderate 
rain  conditions  are  simulated.  Spherical  particles  with  a  diam¬ 
eter  of  1  mm  are  used  to  represent  an  average  rain  drop.  The 
density  of  the  particles  are  determined  for  a  single  layer,  by 
assuming  a  rain  rate  of  1  mm/hr  and  integrating  the  Marshall- 
Palmer  distribution  over  all  possible  sizes.  The  layer  depth  is 
chosen  as  5.7  km  using  the  CaPe  (Convective  and  Precipitation- 
Electrification  Experiment)  data,  [4].  The  radiation  pattern  for 
TRMM  satellite,  which  overlooks  the  medium  at  a  height  of  350 
km,  is  approximated  to  the  first  order  by  a  Gaussian  beam  with 
a  width  of  1.0^.  The  operating  frequency  is  13.8  GHz,  and  the 
look  angle  varies  from  nadir  to  18^^.  Figure  (4)  shows  the  total 
received  power  for  various  look  angles  as  a  function  of  distance 
from  the  satellite.  As  we  see,  the  three  terms  in  (8)-(10)  are 
observed  in  consecutive  order.  The  direct  term,  which  arrives 
first  and  the  reflected  term  which  arrives  last  form  a  symmetric 
geometry  with  respect  to  the  sharp  direct  reflected  term,  which 
is  observed  at  the  center.  The  distance  between  the  starting 
positions  of  the  direct  and  the  direct  reflected  term  corresponds 
to  the  layer  depth,  d.  The  difference  in  the  levels  of  the  direct 
and  the  reflected  components  is  due  to  the  attenuation  of  the 
reflected  signal  as  it  travels  a  longer  path  inside  the  medium. 
This  can  be  utilized  in  the  estimation  of  the  total  attenuation 
inside  the  layer. 
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Figure  4.  Transient  Response  of  Rain  for  TRMM  Configuration 
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Abstract — An  exact  and  general  theory  is  developed 
for  the  TM  wave  scattering  by  two-dimensional  dielec¬ 
tric  cylinders  and  perfect  conducting  cylinders  buried 
under  one-dimensional  multi-layered  media.  From  the 
Green’s  function  under  the  layered  media,  electric  field 
integral  equations  are  obtained.  Compared  with  the 
published  methods,  the  theory  has  clearer  physical 
significance,  but  can  be  used  for  treating  the  coupling 
of  multiple  scatterers. 

L  INTRODUCTION 

Electromagnetic  scattering  is  a  very  important  research 
topics,  because  it  has  been  found  wide  applications  in  the 
electromagnetic  theory  and  engineering.  For  this  topics 
a  lot  of  research  methods  have  been  presented  for  differ¬ 
ent  emphasis.  However  they  were  originally  developed 
for  scatterers  residing  in  a  homogeneous  space.  Although 
this  restriction  is  suitable  for  some  aerospace  applications 
where  the  effect  of  the  environment  can  be  neglected,  it 
does  exclude  many  problems  of  practical  interest  where 
the  existence  of  the  earth  must  be  taken  into  account. 
For  example,  in  many  cases  the  influence  of  the  ground 
or  the  ocean,  which  often  can  be  adequately  represented 
by  a  model  consisting  of  one  or  more  planar  dielectric 
layers,  is  the  dominant  effect  in  the  problem.  Therefore, 
the  research  for  the  scattering  by  buried  scatterers  is  of 
great  importance.  Recently  numerous  papers  have  been 
published  on  the  subject  of  scatterers  in  layered  media, 
for  example  [l]-[2].  These  works  give  excellent  solutions 
for  different  problems.  However  there  is  a  restriction  for 
these  methods.  That  is,  they  are  not  suitable  simultane¬ 
ously  for  buried  dielectric  and  conducting  scatterers. 

In  this  paper  we  present  a  general  method  to  investi¬ 
gate  the  TM  wave  scattering  problem  for  multiple  two- 
dimensional  (2-D)  dielectric  cylinders  and  (or)  perfect 
conducting  cylinders  buried  under  one-dimensional  (1-D) 
multi-layered  media. 

*This  work  is  supported  by  the  Alexander  von  Humboldt  Foim- 
dation,  Germ2Uiy. 

It.  J.  Cui  was  with  the  Department  of  Electromagnetic  Field 
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11.  2-D  GREEN’S  FUNCTION  UNDER  THE  1-D 
MULTI-LAYERED  MEDIA 

To  set  up  the  general  theory,  we  first  investigate  the  two- 
dimensional  Green’s  function  under  the  layered  media. 

Consider  a  medium  consisting  of  n  +  1  dielectric  lay¬ 
ers  separated  by  n  planar  interfaces  parallel  to  the  xoy 
plane  of  a  Cartesian  coordinate  system  and  located  at 
z  =  Zj,  z  =  1, 2, . . . ,  n,  as  illustrated  in  Fig.l.  The  relative 
permittivity  of  the  ith  layer  is  characterized  by  e,-.  The 
half  spaces  z  <0  and  z  >  Zn  are  homogeneous  dielectric 
regions,  whose  relative  permittivities  are  characterized  by 
Ch  and  Ca .  All  the  relative  permittivities  may  be  complex 
if  the  medium  is  lossy.  An  infinite-long  line  electric  cur¬ 
rent  I  is  perpendicular  to  the  xoy  plane,  which  is  located 
at  z  =  — /i,  as  shown  in  Fig.l. 

According  to  the  electromagnetic  field  theory,  the  elec¬ 
tric  field  excited  by  the  electric  current  I  is  of  only  y- 
direction  component,  and  can  be  written  as  [3] 

Eiix,  z)  =  +  +  (1) 

where  h  =  ujy/fio^b  -  h^/^  is  the  wave  number  in 
the  half  space  z  <  0,  and  is  the  second-kind  zero- 

order  HankeFs  function.  From  the  results  of  Harrington 
[3]  and  Wait  [4],  the  incident  electric  field  El{x,  z)  can  be 
expanded  as  the  summation  of  infinite  plane  waves 

Eiix,  z)='^  (2) 

J  —  OO 

where  A  =  \/kf^  =  \/kl€b-^^  is  the  phase  factor. 

Because  of  the  one- dimensional  boundary  of  the  multi¬ 
layered  media,  the  total  electric  field  in  the  region  z  <  0 
will  then  be  written  as 

Ei,ix,z)  =  ^  +  r+iko,0 

.  (3) 

the  transmitted  electric  field  in  the  region  of  z  >  z„  is 

E:,ix,z)=^  r" 

(4) 
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Figure  1:  An  infinite-long  electric  current  under  multi-layered 
media 


Figure  2:  A  scatterer  buried  under  the  multi-layered  media 


where  /?a  =  \/kl  -  ^2  3=  and  and 

^^(^0)0  are  the  reflection  and  transmission  coefficients 
when  a  plane  wave  is  incident  from  to  Ca  by  passing 
ei,£2)  •  •  -  j  and  which  can  be  calculated  by  using  the 
electromagnetic  wave  theory  [5]. 

If  the  electric  current  source  I  is  located  at  any  point 
(x',z')  in  the  region  z  <  0,  the  electric  fields  in  the  re¬ 
gions  of  2r  <  0  and  z  >  Zn  can  be  easily  obtained  from  a 
coordinate  transform 


E’^{x,z,x',z')='^^  j  PiH+{ko,0- 


(5) 

(6) 


which  we  call  the  two-dimensional  Green’s  functions  un¬ 
der  one-dimensional  layers  for  scattering  use. 


III.  ELECTRIC  FIELD  INTEGRAL  EQUATION 
FOR  BURIED  DIELECTRIC  CYLINDERS 

Now  we  consider  the  TM  wave  scattering  problem  for 
buried  dielectric  cylinders.  See  Fig. 2,  an  arbitrarily  shaped 
two-dimensional  dielectric  cylinder  D  with  relative  per¬ 
mittivity  er{x^  z)  is  buried  under  the  one-dimensional  multi¬ 
layered  media.  A  plane-polarized  electromagnetic  wave 
with  electric  field  perpendicular  to  the  xoz  plane  is  inci¬ 
dent  from  the  region  z  >  Zn  to  the  interface  z  =  at 
an  oblique  angle  as  shown  in  Fig,  2.  According  to  the 
electromagnetic  wave  theory  [5],  the  reflected  electric  field 
by  the  one-dimensional  medium  can  be  written  as 

E[{x,z)  =  (7) 

and  the  transmitted  electric  field  through  the  one  dimen¬ 
sional  medium  is 

E\x,z)  = 


where  r~{ko,  6)  and  t~(ko,  0)  are  the  reflection  and  trans- 
mission  coefficients  when  the  plane  wave  is  incident  from 
€a  to  eh  by  passing  •  ♦  • ,  0  can  be  determined 

by  the  Snell’s  law:  sin^  =  .^/^sin^o- 

From  Fig. 2,  the  transmitted  electric  field  through  the 
multi-layered  media  is  just  the  incident  electric  field  of  the 
dielectric  cylinder.  Under  the  illumination  of  the  incident 
field  E\x^z),  the  internal  electric  field  E(xjz)  and  scat¬ 
tered  electric  field  E^(xjz)  inside  the  cylinder  have  the 
following  relation 

E{x,z)  =  E^{x,z)  +  E\x,z).  (9) 

From  the  results  obtained  in  Section  II,  the  scattered 
electric  field  generated  by  the  dielectric  cylinder  can  be 
obtained.  It  is  an  integral.  Substituting  the  integral  into 
(9),  we  have 

U2  r  i.+oo 

-E{x,z)+j-^  jj_e,{x',z')-e,]E{x',z')  J 

-E’(x,z),  (x,z)£D  (10) 

which  is  the  electric  field  integral  equation  for  the  internal 
electric  field  E{Xj  z)  inside  the  buried  dielectric  cylinder. 
Solving  (10),  E(x,z)  can  be  determined.  So  the  total 
scattered  electric  field  in  the  region  z  >  Zn  is  obtained 

ELmi^,  =  Ei(x,  z)  +  j^Jje,(x',  z')  -  e^Mx',  z') 

/+00 

■CO 

IV.  ELECTRIC  FIELD  INTEGRAL  EQUATION 
FOR  BURIED  CONDUCTING  CYLINDERS 

See  Fig. 2,  an  arbitrarily  shaped  conducting  cylinder  with 
boundary  C  lies  under  the  multi-layered  media.  When  the 
plane  wave  described  in  Section  III  is  incident  to  the  in¬ 
terface  z  z=  a  surface  electric  current  density  J{x^z)  is 
induced  around  the  conducting  cylinder.  Accordance  with 
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the  discussion  in  Section  II,  the  scattered  electric  field  gen¬ 
erated  by  J{x^z)  can  be  formulated.  When  {x,z)  G  C, 
using  the  boundary  condition 


(12) 


we  will  obtain  an  electric  field  integral  equation  for  the 
induced  current  J{x^z) 


47r 


.  =  -E\x,  z),  (13) 

from  which  J{x,z)  can  be  determined.  Thus  the  total 
scattered  electric  field  in  the  region  z  >  is 

f  -}-00 

jE'totalC®.  ^)  =  E{(X,  +  J^J (x',  z')  j  /?j-^ 


Substituting  (15)  into  (16)  and  (17),  there  will  be  M  + 
coupled  integral  equations  for  Em{x,z)  and  J„(a:,z). 

The  total  scattered  electric  field  in  the  upper  region 
z  >  z„  is  then  obtained 


^total(*-^)  =  El{x,z)+j 


[^Tm{x',z')-ti]- 


/+00 

-oo 

(18) 

The  above  theory  is  exact.  But  it  is  difficult  to  solve 
the  concerned  integral  equations  by  analytical  methods. 
The  numerical  implementation  of  the  theory  will  be  in¬ 
vestigated  in  other  paper. 


V.  ELECTRIC  FIELD  INTEGRAL  EQUATIONS 
FOR  MULTIPLE  BURIED  SCATTERERS 


Now  we  consider  the  general  case.  There  supposed  to  be 
M  dielectric  cylinders  Di,  D2, . . . ,  Dm  and  N  conducting 
cylinders  Ci,C2,...,CAr  buried  under  the  multi-layered 
media.  When  the  plane  wave  is  incident  from  the  upper 
space,  there  will  be  internal  electric  field  Emixyz)  inside 
the  mth  buried  dielectric  cylinder  Dy^j,  m  =  1,2,...,  M, 
and  surface  electric  current  Jn{x^  z)  around  the  nth  buried 
conducting  cylinder  C„,n  =  1,2,  ...jA^,  induced.  Then 
the  scattered  electric  field  excited  by  Em{xy  z)  and  Jnix,  z) 
in  the  region  z  <  0  can  be  expressed  as 

E'{x,z)  =  /  [Crm{x',z')-et]Em{x',z'y 

4^  Jd^ 


/+00 

•OO  ^ 


eif(»  ^  ^d^dx'dz'  +  ^  /  Jn{x',z')- 

/+00  _  _ 

■OO  ^  ^ 

(15) 

where  ermix^z)  is  the  relative  permittivity  of  the  mth 
dielectric  cylinder  (m  =  1,2,.,.,  M).  When  the  observing 
point  (xjz)  E  Dyn,  we  obtain  from  the  boundary  condition 

[Ernix,  z)  -  E‘{x,  z)  -  E\x,  z)]  |(.,.)eD„  =  0;  (16) 

when  the  observing  point  (a?,  z)  G  Cyj,  we  have 

[E‘{x,z)  +  E\x,z)\\^^,,^)^c.  =  Q.  (17) 


VI.  CONCLUSIONS 

This  paper  presents  a  general  theory  for  the  TM  wave 
scattering  by  dielectric  cylinders  and  conducting  cylinders 
buried  under  one-dimensional  multi-layered  media.  This 
theory  has  a  clear  physical  significance.  For  example,  in 
the  scattered  electric  field  in  the  upper  space  there  are 
two  parts:  one  is  contributed  by  the  multi-layered  media; 
one  is  contributed  by  the  buried  scatterers  in  which  the 
influence  of  the  layers  has  been  involved.  Similar  conclu¬ 
sion  is  true  for  the  electric  field  integral  equations.  This 
theory  is  also  suitable  for  the  lossy  case  and  continuous 
one-dimensional  medium. 
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Abstract — A  general  theory  is  presented  for  the  TE 
wave  scattering  by  multiple  two-dimensional  scatter¬ 
ers  buried  under  one-dimensional  multi-layered  me¬ 
dia,  Closed-form  formulations  for  the  electric  and 
magnetic  fields  excited  by  an  arbitrarily  oriented  elec¬ 
tric  current  strip  under  the  layered  media  are  derived 
at  first,  from  which  an  electric  field  integral  equation 
for  the  buried  dielectric  cylinder,  a  magnetic  field  inte¬ 
gral  equation  for  the  buried  conducting  cylinder,  and 
coupled  mixed  electromagnetic  field  integral  equations 
for  multiple  buried  scatterers  are  then  obtained. 

L  INTRODUCTION 

The  electromagnetic  scattering  and  radiation  by  objects 
buried  in  one- dimensional  medium  have  been  considered 
by  many  authors  [l]-[3].  However  there  is  a  restriction 
in  these  considerations,  that  is,  the  methods  involved  are 
not  suitable  simultaneously  for  treating  buried  dielectric 
and  conducting  scatterers,  which  is  important  in  many 
applications.  For  this  reason,  we  have  investigated  the 
electromagnetic  scattering  by  multiple  dielectric  and  con¬ 
ducting  cylinders  buried  under  multi-layered  media  [4]. 
But  we  considered  only  the  simplest  case  —  TM  wave 
excitation. 

In  this  paper,  we  will  present  a  general  theory  for  the 
TE  wave  scattering  by  multiple  scatterers  buried  under 
the  multi-layered  media. 

IL  THE  FIELDS  EXCITED  BY  A  CURRENT 
STRIP  UNDER  MULTI-LAYERED  MEDIA 

In  this  section,  we  give  the  formulations  for  electric  and 
magnetic  fields  excited  by  an  arbitrarily  oriented  electric 
current  strip  buried  under  one-dimensional  multi-layered 
media.  See  Fig.l,  we  consider  a  medium  consisting  of  n+1 
dielectric  layers  separated  by  n  planar  interfaces  parallel 
to  the  xoy  plane  and  located  at  z  =  Zi^i  =  l,2,...,n. 

*This  work  is  supported  by  the  Alexander  von  Humboldt  Foun¬ 
dation,  Germany. 

^T.  J.  Cui  was  with  the  Department  of  Electromagnetic  Field 
Engineering,  Xidian  University,  Xi’an  710071,  P.  R.  China. 
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The  relative  permittivity  of  the  zth  layer  is  characterized 
by  e,*.  The  half  spaces  z  <  0  and  z  >  Zn  are  homogeneous 
dielectric  regions,  whose  relative  permittivities  are  char¬ 
acterized  by  and  Cq  .  When  the  medium  is  lossy,  all  the 
permittivities  may  be  complex. . 

From  the  electromagnetic  theory  and  Fourier  trans¬ 
form,  when  an  arbitrarily  oriented  electric  current  strip 
Jdl  =  {xJx  +  zJz)dl  is  located  at  any  point  (x',  z')  under 
the  layered  media,  its  radiation  fields  can  be  formulated 
by  a  complicated  deduction.  In  the  region  of  z  <  0, 

rr  .A  „/\  T  ^/\  T  1  . 

H})y{x^Z^  —  ^  ^)Jz\dl  + 

11  /•+00 

£  y  (Jx  +  (1) 

-  (x  -  x’)J,]l2H{^\kiR)  -  hRH^^\kiR)]}- 
4wu€oeb  J-oo 

(2) 

Eb.{x,z)  =  -^-^^{R^H[^\kbR)J,-(x-x')[{x-xy 

Jz-{z-  z')Jr][2H[^\kiR)  -  kiRHi^\kbR)]}+ 

J1  ^+oo 

Airueoet  J_^ 

in  the  upper  region  z  >  z„,  only  the  magnetic  field  is 
interested 

Hay{x,z)  =—J  iJr+0;HJz)t+ik,O- 

(4) 

where  R  =  >/(x  —  +  (z  —  z^^  is  the  distance  be¬ 

tween  field  point  and  source  point;  pi  =  y/k^ci  —  and 
Pa  =  \/Jko^a  —  are  the  phase  factors  in  Region  b  and 
a;  and  and  are  the  reflection  and  trans¬ 

mission  coefficients  when  a  plane  wave  with  its  magnetic 
field  perpendicular  to  the  incident  plane  is  incident  from 

6i  Co . 
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Figure  1:  An  arbitrarily-oriented  electric  current  strip  under 
multi-layered  media 


zsm<f>)J{x^z)  induced  around  the  contours  of  the  con¬ 
ducting  cylinder  C.  Here,  ^  is  the  angle  between  the 
tangent  line  at  point  (ar,  z)  and  the  x-axis  when  C  rotates 
clockwise.  From  (1),  the  scattered  magnetic  field  excited 
by  J{xjz)  in  the  region  z  <  0  can  be  expressed  as  an 
integral.  When  the  point  (x^z)  G  C,  from  the  electro¬ 
magnetic  boundary  condition  n  x  Hh{xjz)  =  J(x,z),  we 
will  obtain 

/  J{x\  z^)[{z  —  z^)  cos  <j>‘  —  {x  —  x^)  sin  <j)^] 

Jo  ^ 

j  {cos<i>’  +  l3^^^sm4>'y 

-  J{x,z)  =  Hiy{x,z). 

(7) 

This  is  the  magnetic  field  integral  equation  for  the  induced 
electric  current  around  the  buried  conducting  cylinder, 
from  which  J{x,z)  can  be  determined.  Thus  the  total 
scattered  magnetic  field  in  the  region  z  >  Zn  can  be  cal¬ 
culated 

z)  =  Hi(x,  z)  +  y-^  J {x',  z')  J  (cos  <i>' 


Figure  2:  A  scat terer  buried  under  the  multi-layered  media  -f/?^  sin  (8) 


III.  MAGNETIC  FIELD  INTEGRAL  EQUATION 
FOR  BURIED  CONDUCTING  CYLINDERS 

In  this  section  we  consider  the  TE  wave  scattering  by 
buried  conducting  cylinders.  See  Fig.2,  an  arbitrarily 
shaped  conducting  cylinder  C  is  buried  under  the  multi¬ 
layered  media.  A  plane-polarized  electromagnetic  wave 
with  magnetic  field  perpendicular  to  the  xoz  plane,  a  TE 
wave,  is  incident  from  the  upper  space  to  the  interface 
z  =  2:n  at  an  oblique  angle  Oq.  From  the  electromagnetic 
wave  theory  [5],  the  reflected  magnetic  fleld  by  the  multi¬ 
layered  media  can  be  written  as 

Hi{x,z)  =  yr-  {k,  «);  (5) 

the  transmitted  magnetic  field  through  the  layers,  that 
is  the  incident  magnetic  field  to  the  buried  conducting 
cylinder,  is 

Hi{x,z)  =  (6) 

where  and  t~{kj6)  are  the  reflection  and  trans¬ 

mission  coefficients  when  the  plane  wave  (TE  wave)  is 
incident  from  €a  to  by  passing  en, . . . , respec¬ 
tively;  0  is  an  equivalent  angle  in  the  free  space,  which 
can  be  determined  by  the  SnelFs  law:  sin  9  =  sin  fo¬ 
under  the  illumination  of  the  incident  field  Hl{xjz)y 
there  will  be  surface  electric  current  J{x^z)  =  {xcos<j)  -|- 


IV.  ELECTRIC  FIELD  INTEGRAL  EQUATION 
FOR  BURIED  DIELECTRIC  CYLINDERS 

Now  we  consider  an  arbitrarily  shaped  dielectric  cylin¬ 
der  D  with  relative  permittivity  €r{xj  z)  buried  under  the 
multi-layered  media,  as  shown  in  Fig.2.  When  a  TE  wave 
is  incident  to  the  interface  z  =  ,  the  transmitted  electric 

field,  i.e.,  the  incident  electric  field  to  the  buried  dielectric 
cylinder,  can  be  expressed  as 

El{x,z)  =  -‘—t^(k^0){x\leh  —sin^^  -hzsin^)- 

gi*(v^eb“Sin2  Bz-xsmB) 

Under  the  illumination  of  the  incident  wave,  the  internal 
electric  field  E},{x^  z)  will  be  induced  inside  the  buried 
dielectric  cylinder,  which  is  the  summation  of  scattered 
and  incident  electric  fields 

Ei{x,z)=iEl{x,z)  +  E\{x,z).  (10) 

From  (2)  and  (3),  El{xyz)  can  be  formulated 

{z  -  z')^  f{ki,R)]Eixix' ,  r')+ 

{x  -  x'){z  “  /)f{kt,R)]Ei,z{x\z^)}dx^dz^— 
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~  2')+ 

iEi,{x',  z')]r+{k,i)e^P^^^+^‘h^^^’^-^'^d^dx'dz',  (11) 

El{x,z)  =  ^  ~  '' {[R^H<^\hR)- 

{x-x'ff{hR)]EUx',z')^- 
(*  -  x'){z  —  z')f{kiR)]E},j:{x' ,  z')}dx'dz'+ 

«1£.,(*'.Z0+ 

z')]r+ik,  (12) 

where  f(u)  is  the  following  function 

f{u)  =  2Hi%)-uHi%).  (13) 

Substituting  (11)  and  (12)  into  (10),  we  will  obtain 
electric  field  integral  equations  for  the  internal  electric 
fields  Ehx(x,  z)  and  Ehzi^j  z)  inside  the  dielectric  cylinder. 
Then  the  total  scattered  magnetic  field  in  the  upper  space 
can  be  written  as 

H>,ix,  z)  =  Hi{x,  z)  +  Jjerix',  z')  -  e,] 

/+00 

[Ei,{x',  z')  +  z')]t^{k,i)- 

-oo 

e-^(^-^-^>>^')(J((.‘^-‘^')d^dx'dz' .  (14) 

V.  MIXED  FIELD  INTEGRAL  EQUATIONS  FOR 
MULTIPLE  BURIED  SCATTERERS 

There  supposed  to  be  M  dielectric  cylinders  Di, . .  .,Dm 
and  N  conducting  cylinders  Ci , . . . ,  Cjv  buried  under  the 
multi-layered  media.  The  relative  permittivity  of  the  mth 
dielectric  cylinder  is  €rm(^)2:). 

Similar  to  the  above  sections,  when  a  TE  wave  strikes 
the  interface  z  =  Znj  there  will  be  internal  electric  field 
Et  inside  the  buried  dielectric  cylinder  D^,m  = 

and  surface  electric  current  around 

the  buried  conducting  cylinder  C„,n  =  1,2,  in¬ 

duced.  In  the  region  z  <  J),  the  scattered  magnetic  field 
excited  by  ^^(a?,z)  and  Jn(«,z)  can  be  formulated 

H^y{x,  Z)  =  I  /  [frm(x',  z')  -  €i,][(^  -  z')- 

Eimx{x',  Z')  -{X-  x')Ei,n>{x',  z')]^^^^^^dx' dz' - 

K 

“  "‘J  £°°[Eim.{x',  Z')  + 

Eimzix',  - 


cos  <t>'  -{x-  x')  sin^']- 


{kjR) 


R 


"  Tt. 


(cos  £  -h  13^  sin  £)r'^{kj  . 

(15) 

Similarly,  the  formulations  for  scattered  electric  fields  are 
also  availabe,  which  are  not  written  here  for  pages  reason. 

From  the  boundary  condition,  when  the  observation 
point  (a:,  z)  E  (m  =  1,2,...,  M),  we  have 


[Ehmu{^,  z)  —  El^{x,  z)  —  El^j^{x^  z)]  \(3;,z)eT>m  ““  0,  (16) 


where  u  —  x,z;  when  (x,z)  E  C„(n  =  1, 2, . . TV), 

[J„(ar,  z)  +  Hiy{x,  z)  +  Hiy{x,  z)]  |(*,.)€C„  =  0.  (17) 


Equations  (16)- (17)  constitute  the  mixed  electric  and  mag- 
i^tic  field  integral  equations  for  the  internal  electric  fields 
Ehm{^^z)  and  the  induced  electric  current  J„(a?,z). 


VL  CONCLUSIONS 

Like  the  TM  case  [4],  the  theory  presented  in  this  paper 
is  suitable  for  lossy  case  and  one- dimensional  inhomoge¬ 
neous  medium. 
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Abstract  —  Imaging  of  buried  objects  with  subsurface  radars 
is  affected  by  the  resolution  limits  imposed  by  the  constraints 
in  bandwitwh  and  antenna  beamwidth.  In  this  contribution, 
the  step-frequency  radar  capabilities  are  exploited  through 
the  application  of  various  signal  processing  methods  that 
alleviate  the  resolution  problem.  Depth  resolution  is 
improved  with  a  high-resolution  technique  based  on  signal 
extrapolation.  Horizontal  resolution  is  achieved  via 
migration  techniques  similar  to  those  used  in  seismic 
sounding,  that  exploit  the  peculiar  characteristics  of  a  step- 
frequency  system.  Selected  examples  are  included  to 
illustrate  the  improvements. 

INTRODUCTION 

Subsurface  radars  have  shown  their  validity  as  a  remote 
sensing  tool,  specially  for  those  problems  related  to  non¬ 
destructive  probing  of  material  media  such  as  earth,  ice, 
concrete...  Applications  range  from  civil  engineering, 
geophysical  studies  and  resource  prospecting,  archaeology, 
security,...  [1]. 

Unfortunately,  there  are  a  number  of  limitations  to  their 
practical  operation.  The  strongest  one  is  set  by  the  heavy 
losses  associated  with  the  transmission  of  electromagnetic 
waves  in  material  media  which  limit  the  maximun  usable 
bandwidth  and,  accordingly,  depth  resolution. 

A  number  of  radar  system  concepts  have  been  proposed  to 
cope  with  these  problems:  narrow-pulse,  FM-CW  and  Step- 
Frequency  [2];  this  last  one  has  been  our  choice  for  a  number 
of  reasons  which  include  reduced  peak  power,  noise 
reduction,  better  bandwidth  control  and  suitability  to 
subsequent  digital  signal  processing  techniques. 

This  contribution  deals  with  those  applications  whose 
main  purpose  is  that  of  providing  an  image  of  the  region 
beneath  the  surface.  This  image  can  either  be  directly 
handled  to  the  final  user  or  be  further  processed  by 
traditional  image  analysis  procedures.  In  producing  such  an 
image,  we  must  be  concerned  with  achieving  good  contrast 
between  buried  objects  and  the  background  as  well  as 
maximum  resolution,  both  in  the  vertical  (depth)  and 
horizontal  coordinates. 

Vertical  resolution  depends  on  the  transmitted  bandwidth 
and  is  usually  achieved  via  matched  filtering  in  pulsed 
0-7803-3068-4/96$5.00©1996  IEEE 


systems  or  via  FFT  in  a  step-frequency  system.  In  this  latter 
approach  a  twofold  improvement  in  vertical  resolution  can 
be  achieved  in  practical  operation  through  the  use  of 
parametric  spectral  analysis  [3].  Horizontal  resolution 
depends  on  the  antenna  footprint.  Due  to  the  short  operating 
ranges,  unprocessed  traces  retrieval  result  in  the  typical 
parabolic  smearing  which  can  only  be  corrected  through  the 
use  of  migration  techniques  similar  to  those  previously 
developed  for  geophysical  acoustic  sounding. 

Our  contribution  is  centered  on  the  implementation  of 
those  methods  using  the  original  frequency  domain  samples 
supplied  by  a  step-frequency  radar,  thus  performing  vertical 
and  horizontal  compression  simultaneously.  We  also  discuss 
how  parametric  spectral  analysis  techniques  (which  usually 
preclude  further  application  of  migration  processing  due  to 
the  loss  of  phase  information)  can  be  included  in  the  process 
through  the  use  of  extrapolation  techniques. 

STEP-FREQUENCY  RADAR 

The  principle  of  operation  of  a  step-frequency  radar  is 
based  on  the  duality  betwwen  the  time  and  frequency 
domains  and  can  be  related  to  the  design  and 
implementation  of  matched  filters  in  the  frequency  domain. 
A  step  frequency  radar  operates  by  transmitting  a  waveform 
composed  of  a  number  of  increasing  stepped  frequencies.  A 
coherent  I-Q  detector  measures  both  the  in-phase  and  in- 
quadrature  components  of  the  received  signal  at  each  of  the 
frequency  steps.  If  this  detected  samples  are  Fourier 
transfomed,  a  new  sequence  is  obtained,  that  corresponds  to 
the  range  (depth)  distribution  of  the  energy  scattered  from 
the  scanned  volume. 

From  spectral  analysis  theory,  it  is  known  that  the 
resolution  attainable  in  this  way  is  bounded  by  the  reciprocal 
of  the  sampling  period  in  the  original  domain  (the  frequency 
step  AO.  In  distance  units  we  have: 

^z  =  c/(2N^f)  (1) 

where  c  is  the  speed  of  light  in  the  medium,  and  N  is  the 
number  of  transmitted  frequencies  (NAf  is  the  total 
bandwidth). 

There  are  several  features  of  the  step-frequency  technique 
which  make  it  attractive  in  comparison  to  pulse-based 
systems:  it  requires  much  lower  peak  power;  the  receiver  is 
instantaneously  narrowband  (thus  allowing  for  significant 
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noise  reduction),  accurate  antenna  and  system  calibration 
can  be  performed  at  each  discrete  frequency...  Finally, 
substantial  cancellation  of  the  surface  return  can  be  achieved 
by  measuring  a  reference  signal  in  a  target-free  area  and 
substracting  it  from  the  received  waveform. 

Improving  the  Vertical  Resolution. 

A  Fourier  transform  is  not  the  only  way  of  obtaining  the 
range  profile;  in  fact,  the  problem  can  be  stated  as  the  dual 
case  of  the  well  studied  spectral  analysis  problem.  Thus,  all 
the  techniques  there  developed  can  be  considered.  Among 
them,  parametric  spectral  analysis  based  on  autoregressive 
models  [4]  was  successfiilly  tested  [3],  yielding  a  twofold 
improvement  in  operating  conditions.  Its  main  drawback  is 
the  loss  in  phase  information,  which  is  critical  when 
migration  is  to  be  carried  on. 

An  alternative  is  to  use  the  estimated  model  coefficients  to 
extrapolate  the  received  sequence.  The  range  profile  can  now 
be  computed  by  Fourier  analysis  on  the  'extended  bandwidth' 
data,  preserving  all  phase  information.  The  resolution 
improvement  is  comparable  to  the  formerly  obtained; 
besides,  resolution  can  be  exchanged  for  sidelobe  control 
through  the  use  of  suitable  windows. 

MIGRATION 

Horizontal  resolution  is  directly  related  to  the  antenna 
beamwidth,  but,  as  a  result  of  the  tight  constraints  on  the 
frequency  of  operation,  wideband  operation  and  size 
(portability)  of  the  antennas,  narrow  beamwidths  are  very 
difficult  to  achieve.  This  very  fact,  which  could  be 
considered  as  a  drawback,  enables  the  adoption  of  the  same 
approach  as  the  migration  techniques  developed  in 
acoustical  geophysical  sounding  [5];  adapted  for  operation  in 
a  step-frequency  setup.  We  have  considered  two  different 
approaches:  the  so-called  Kirchhoff  method  and  the  wave- 
equation  migration  method. 

Kirchhoff  Method. 

It  is  based  on  the  Kirchhoff  integral  theorem  and  results, 
basicly,  in  a  depth-dependent  bidimensional  filtering.  The 
interesting  point  is  that  we  can  re-formulate  the  solution  in 
the  azimut-frequency  domain,  where  the  received  signal 
appears  naturally  sampled.  The  filtering  kernel  must 
compensate  two  effects:  first,  a  phase  shift  that  depends  both 
on  the  transmitted  frequency  and  distance  from  the 
measuring  point  x^,  and  second,  an  amplitude  factor  which 
is  not  considered  (it  is  hard  to  estimate,  as  it  depends  on  the 
antenna  pattern,  but  will  just  result  in  an  implicit  windowing 
of  the  data). 

For  each  of  the  transmitted  frequencies,  the  signal  coming 
from  a  specific  depth  under  the  surface  point  can  be 
computed  'focusing'  the  samples  received  in  a  neighborhood 
of  Xm^  Finally,  the  contributions  at  each  frequency  (A^  must 


be  coherently  summed  to  obtain  the  final  image.  The 
resulting  expression  is 

N-l  L 

S(x^.z)  =  X  'Ev(>n-k,n)- 

n=0k=:-L  (2) 

■  exp(-j(4n/c)f„z-^l+\x^-kA)\^ /z^ 

It  is  worth  to  point  out  that  the  FFT  processing  deemed 
necessary  to  achieve  range  compression  is  implicit  in  the 
process,  reducing  the  number  of  operations  with  respect  to 
the  case  where  range  compression  is  performed  in  advance 
to  migration. 

Wave  Equation  Migration. 

This  method  comes  from  another  formulation  of  the  same 
wave-equation  ruled  problem.  Here,  the  wave  equation  is 
directly  solved  for,  using  the  received  samples  as  boundary 
conditions.  This  method  is  specially  well-suited  for  step- 
frequency  data,  as  the  first  step  in  the  calssical  solution 
involves  a  transformation  of  the  data  to  the  frequency- 
wavenumber  domain,  where  the  desired  solution  is: 

s(x,z)  =  'ZY,E(k,fz  =  0)exp(jk,z).exp(jk^x)  (3) 
f  K 

which  can  be  obtained  in  successive  steps  for  every  depth  of 
interest,  or  by  means  of  mapping  and  interpolation  into  the 
kz-kx  domain,  followed  by  an  inverse  Fourier  transform.  In 
this  case,  the  solution  is  found  for  the  whole  scanned  area. 

EXPERIMENTS  AND  RESULTS 

Our  main  aim  was  to  test  the  feasibility  of  the  proposed 
methods  and  their  capabilities  to  improve  the  resolution  of 
the  images  in  a  step-frequency  subsurface  radar  system. 

The  incoming  samples  were  generated  by  means  of 
simulation,  based  on  the  finite  difference  time  domain 
method  [5].  Although  this  is  a  time-domain  approach,  the 
generated  signals  can  be  converted  to  the  frequency  domain 
where  only  the  proper  complex  amplitudes  at  selected 
frequencies  are  extracted.  In  this  way,  it  is  possible  to  change 
different  parameters  at  will  (dielectric  constants,  frequencies, 
size  and  shape  of  targets,...). 

In  the  results  here  discussed,  a  horn  antenna  was  scanned 
at  10  cm.  over  a  homogeneous  material  half-space,  whose 
surface  showed  a  certain  degree  of  roughness  (2-4  cm.  rms). 
The  measurements  were  taken  at  32  equally  spaced 
frequencies.  The  frequency  step  was  12.5  Mhz.  and  the  total 
bandwidth  400  Mhz.,  which  yields  a  free-space  resolution 
cell  of  38  cm.  (or  24  cm.  in  the  considered  material). 

There  is  some  amount  of  preprocessing  before  the  data  are 
fed  to  the  migration  algorithms.  In  first  place,  some 
calibration  and  equalization  is  applied;  then,  an 
independently  measured  reference  signal  is  subtracted  to  the 
received  data  in  order  to  cancel  the  interface  return.  In  this 
way,  cancellation  ratios  up  to  27-29  dB  were  achieved. 

Fig.  1,  shows  the  result  obtained  for  a  point-like  target 
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buried  at  a  depth  of  30  cm.  The  Kirchhoff  and  the  wave- 
equation  methods  do  not  show  significant  differences.  Depth 
resolution  was  improved  from  24  cm.  to  10-12  cm. 
Horizontal  resolution  was  improved  from  26  cm.  To  12  cm. 
(Measured  at  3dB  from  the  peak  value). 

Fig.  2,  shows  the  case  of  two  targets  (6x6  cm)  whose 
centers  are  placed  16  cm.  apart  at  the  same  depth.  The 
results  in  the  dept  coordinate  are  similar  to  those  in  the 
previous  example.  As  for  the  horizontal  coordinate,  the 
targets  cannot  be  resolved  when  no  migration  is  applied: 
both  returns  are  mixed  producing  a  sharp  peak.  When  the 
migration  processing  is  included,  the  targets  are  resolved.  In 
this  situation,  it  was  observed  that  the  Kirchhoff  method 
performs  better.  This  might  be  a  consequence  of  the  limited 
beamwidth  of  the  antenna;  in  an  acoustical  system, 
propagation  is  nearly  onmidirectional  and  the  wave-equation 
method  is  able  to  integrate  more  contributions.  In  a  radar 
system,  extending  the  integration  area  only  results  in  adding 
clutter  returns  to  the  final  estimate. 

CONCLUSIONS 

Migration  processing  and  high  resolution  techniques  have 
been  successfully  applied  to  improve  resolution  in  subsurface 
radar  images.  Bandwidth  extrapolation  techniques  double 
depth  resolution  without  affecting  the  migration  process.  The 
migration  techniques  are  formulated  in  the  frequency 
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domain,  which  reduces  the  computational  load.  The  Kirchoff 
method  appears  to  perform  better  in  terms  of  closely-spaced 
target  discrimination;  besides  it  can  be  applied  (with  a  small 
delay)  as  the  scanning  proceeds.  Other  experiments  show 
that  the  algorithm  also  performs  well  when  imaging 
extended  targets. 
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Abstract  -  An  FD-TD  algorithm  is  used  to  compute  the  scat¬ 
tering  from  objects  embedded  in  a  homogeneous  medium 
with  a  rough  top  boundary.  The  rough  top  boundary  is  mod¬ 
eled  as  a  randomly  rough  surface  with  Gaussian  correlation 
function  and  height  distribution.  A  three  dimensional  ran¬ 
domly  rough  surface  with  specified  correlation  length  and 
height  standard  deviation  is  generated  on  the  computer.  To 
reduce  computation,  the  volume  of  grids  above  the  rough 
boundary  (observation  region)  is  chosen  to  be  small.  A  near- 
to-far  field  transformation  is  utilized  to  determine  the  far- zone 
scattered  field  due  to  the  rough  boundary  and  the  object 
underneath.  Possible  errors  near  the  edge  of  the  surface  are 
suppressed  by  the  absorbing  boundary  condition  and  by  intro¬ 
ducing  a  windowing  function.  The  far-field  scattering  patterns 
of  a  cylindrical-shaped  object  embedded  in  a  medium  with 
rough  top  boundary  are  generated  and  presented  in  this  paper. 

INTRODUCTION 

For  a  medium  with  buried  object  there  are  discontinuities  at 
the  object-medium  boundary  and  the  air-medium  boundary. 
An  impinging  wave  will  experience  multiple  scattering 
between  the  object  and  the  medium  boundary  as  well  as 
within  the  object.  We  expect  complex  wave,  object  and 
medium  boundary  interactions  to  occur.  Except  for  special, 
idealized  cases,  analytical  methods  are  ineffective  for  such 
problems.  Numerical  methods  designed  to  solve  frequency 
domain  problems  such  as  moment  methods  are  also  not  suit¬ 
able  because  of  the  wide  band  nature  of  the  problem.  On  the 
other  hand,  the  finite  difference  time  domain  method  (FD-TD) 
offers  many  advantages  as  an  electromagnetic  modeling,  sim¬ 
ulation,  and  analysis  tool  with  capabilities  including  [1]: 
broadband  response  predictions;  arbitrary  3-D  model  geome¬ 
tries;  interaction  with  an  object  of  any  conductivity;  fre¬ 
quency-dependent  constitutive  parameters  for  modeling  most 
materials  such  as  lossy  dielectrics;  and  any  type  of  response, 
including  far  fields  to  near  fields. 

The  finite  difference  time  domain  (FD-TD)  approach  has 
many  formulations:  scattered  field,  total  field,  potential, 
implicit  etc,  [1].  For  scattering  calculations  where  the  ampli¬ 
tude  of  the  scattered  field  is  significantly  smaller  than  the  inci¬ 
dent,  it  is  particularly  advantageous  to  use  the  scattered  field 
formulation.  This  is  the  case  for  many  scattering  problems 
because  in  the  real  world  many  objects  or  land  surfaces  have 
small  or  moderate  dielectric  values.  Another  advantage  of  this 
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approach  is  that  the  incident  field  is  evaluated  analytically  and 
hence  is  not  subject  to  numerical  error  inherent  in  the  FD-TD 
algorithm.  For  the  scattering  problem  under  consideration,  the 
scattered  field  formulation  does  produce  lower  noise  level. 
This  is  because  in  this  formulation  only  the  scattered  field 
experiences  dielectric  discontinuity  and  is  required  to  satisfy 
truncation  boundary  conditions.  An  earlier  study  on  three 
dimensional  rough  surface  scattering  was  based  on  the  total 
field  formulation  [2]  and  it  has  a  higher  signal  to  noise  com¬ 
pared  with  the  scattered  field  approach. 

The  formulation  of  the  FD-TD  method  is  summarized  in 
the  following  section  along  with  the  criteria  for  selecting  time, 
space,  target  resolution  requirements.  The  truncation  condi¬ 
tion  is  discussed  in  the  subsection.  The  implementation  of  a 
window  function  to  obtain  the  scattering  coefficient  of  a  ran¬ 
domly  rough  surface  with  buried  object  are  given  in  the  subse¬ 
quent  section.  Numerical  results  and  summary  are  presented 
in  the  last  two  sections. 

FD-TD:  A  SCATTERED  HELD  APPROACH 

This  section  discusses  the  FD-TD  formulation  starting  with 
the  Maxwell’s  equations  and  then  a  conversion  of  them  to 
finite  difference  forms.  The  conditions  for  acceptable  time  and 
spatial  increments  are  also  given. 

The^Max^eir^time  dependent  curl  equations  for  the  total 
field,  E  =  +  given  by 

VxE  =  and  V  x  //  =  OjE  +  e^E  (1) 

dt 

The  incident  field  satisfies  the  following  equations  every¬ 
where,  i.e. 

Vxe‘  =  -[Io^h‘  and  V  xH‘ =  (2) 

A  set  of  governing  equations  for  the  scattered  fields  in  the 
medium  defined  by  |i  and  e  is  obtained  by  taking  the  differ¬ 
ence  between  the  above  two  sets  of  equations.  The  governing 
equations  are 

V  X -  aj'  -  oJ‘  -iii-  (3) 

Vxh'  =  +  ctI"  +  cE‘  +  (e  -  (4) 
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Applying  the  central  difference  approximation  to  the  differ¬ 
ential  operation's  in  Eq.  (3),  we  obtain  three  scalar  difference 
equations  for  H  ,  and  one  of  them  is  given  by 


T  ^  r  *  *11 

^sx  { *>  y>  ^ } 


/2|x-ct^a 
\2p  +  CT„6t  j 


H 


.n-l/2 

sx 


(5) 


where  a  sampled  scalar  function  of  time  and  space  is  denoted 
as  A:}  =  F{i8xj5y,  kbz,  nbt} ,  and  8t,  6x,  6y, 

and  5z  are  the  time  and  spatial  sampling  periods  respectively. 
The  three  scalar  difference  equations  for  E  are  also  obtained 
using  a  similar  procedure.  Note  that  in  this  formulation,  the 
transmitted  field  below  the  rough  interface  is  the  sum  of  the 
incident  and  scattered  fields. 

To  ensure  an  algorithm  which  is  stable  and  accurate,  the 
conditions  on  the  spatial  increment  and  the  time  increment  5t 
have  been  derived  in  [3].  The  spatial  sampling  periods,  8x , 
8y ,  and  8z  are  chosen  to  be  less  than  X/10  so  that  the 
uncertainty  of  the  FD-TD  solution  is  less  than  ±0.6  dB.  To 
ensure  stability  of  the  time  stepping  algorithm,  8t  is  chosen  to 
satisfy  the  inequality 


8t<- 


-,-1/2 


.(8x)^  (8y)^  (8z)2. 


(6) 


The  resolution  needed  to  represent  the  randomly  rough  sur¬ 
face  variations  may  be  defined  in  terms  of  a,  surface  rms 
height,  and  L,  surface  correlation  length.  The  resolution 
requirement  for  L  may  be  the  same  as  for  X ,  i.e.  the  spatial 
sampling  period  should  be  less  than  L/10.  Let  Hq  be  the 
number  of  sampling  points  per  unit  length  for  the  horizontal 
dimension.  Then,  to  represent  a  with  as  many  points  as  for  L 
requires  a  resolution  which  is  a  factor  of  L/a  times  finer,  i.e., 
no(L/a)  points  per  unit  length. 

Truncation  Condition 

A  radiation  boundary  condition  or  truncation  boundary 
condition  is  needed  at  the  boundary  of  the  FD-TD  computa¬ 
tion  domain  (grid).  The  first  order  Mur’s  radiation  boundary 
conditions  [4]  is  used  in  this  study.  It  has  the  form 

=  El{i,hk} 


This  condition  is  preferred  because  it  provides  good  results 
for  all  angles  of  incidence. 

THE  RADAR  CROSS  SECTION  AND  SCATTERING 
COEFFICIENT 


The  Radar  Cross  Section  (RCS) 

Near  to  far  field  transformations  are  well  known  for  fre¬ 
quency  domain  (time  harmonic)  fields  [7].  To  utilize  the  exist¬ 
ing  near  to  far  field  transformation  method,  a  discrete  Fourier 
transform  is  first  applied  to  the  time  domain  near  fields,  i.e,, 
the  FD-TD  solutions,  giving  the  frequency  domain  near  fields. 
The  equivalent  surface  currents  are  determined  using  the  fre¬ 
quency  domain  near  fields  by  applying  the  equivalence  theo¬ 
rem.  The  use  of  equivalence  theorem,  however,  requires  a 
virtual  surface  surrounding  the  scatterer.  For  an  area  extensive 
target,  i.e.  the  rough  boundary  of  the  medium,  the  virtual  sur¬ 
face  is  a  horizontal  plane.  The  equivalent  currents  on  the  vir¬ 
tual  surface  are  given  by 

Jseg  =  n  X  ^^(co)  and  Mseg  =  ~hxE  (CO)  (8) 

where  h  is  the  outward  unit  normal  vector  of  the  surface.  The 
scattered  far  fields  (in  frequency  domain)  are  obtained  by 
transforming  the  equivalent  currents  over  free  space  Green’s 
function  [7].  The  radar  cross  section  is  computed  using 
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(9) 


where  E^  and  E^  are  the  components  of  the  incident 
(excitation)  plane  wave. 

Window  Function  And  Scattering  Coefficient 

To  reduce  the  error  due  to  boundary  reflection  and  finite 
surface  size,  a  window  (or  weighting)  function  is  applied  to 
the  truncated  surface  such  that  fields  near  the  surface  edges 
are  weighted  down  in  the  scattering  coefficient  calculation.  A 
Gaussian  window  function  is  used  in  this  study,  and  it  is  given 
by 


G(jc,  y)  -  exp 


-[(x-XeenZ  +  Cy-ycen)^] 

T2 


(10) 


where  T  is  a  constant  which  determine  the  width  of  the  win¬ 
dow,  it  is  chosen  such  that  fields  at  the  truncated  surface  edges 
are  attenuated  by  60  dB.  Formulation  of  the  window  function 
has  been  discussed  by  Chen  and  Bai  [5]. 

The  window  is  applied  to  the  fields  (in  frequency  domain) 
prior  to  the  near-to-far  field  transformation.  Following  the 
transformation,  the  radar  cross  section  (RCS)  is  calculated 
using  the  scattered  far  fields.  The  scattering  coefficient  is 
obtained  by  normalizing  the  RCS  to  the  effective  area  of  the 
truncated  surface. 
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NUMERICAL  RESULTS 

The  top  rough  boundary  of  a  homogeneous  medium  with 
e  =  5.1  and  a  =  10“^  [S/m]  is  generated  using  the  method 
reported  in  Fung  and  Chen  [6].  The  rough  boundary  has  Gaus¬ 
sian  correlation  function  and  height  distribution  with 
ko  =  0.35  and  kL  =  5.5 ,  where  k  is  the  free  space  wave 
number.  An  incident  wave  with  an  incident  angle  of  30°  and 
wavelength,  ^ ,  of  100  cm  are  used  in  the  calculations. 

Fig.  2  shows  the  bistatic  scattering  coefficients  of  the 
medium  with  the  generated  rough  boundary  for  VV  polariza¬ 
tion.  Note  that  the  scattering  pattern  shown  in  Fig.  2  is  due 
entirely  to  the  surface  roughness  of  the  medium. 

A  perfect  conducting  object  (a  rod  with  rectangular  cross- 
section)  with  dimensions  =  10  cm ,  /^  =  80  cm ,  and 
/^  =  7  cm  is  introduced  into  the  lower  medium.  The  vertical 
position  of  the  object  is  14  cm  below  the  mean  height  of  the 
boundary.  Fig.  3  shows  the  bistatic  scattering  coefficients  of 
the  medium  with  buried  object  for  VV  polarization.  Note  that 
the  difference  between  Fig.  2  and  Fig.  3  is  caused  by  the  pres¬ 
ence  of  the  buried  object  only. 

SUMMARY 

FD-TD  simulation  of  scattering  from  object  embedded  in  a 
medium  with  rough  boundary  has  been  carried  out  in  this 
study.  The  FD-TD  formulation  is  developed  based  on  the  scat¬ 
tered  field  approach.  Simulation  results  which  show  the 
effects  of  buried  object  on  the  scattering  pattern  of  medium 
with  rough  boundary  are  presented  in  this  paper. 
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Figure  1 .  Geometry  of  the  scattering  from  rough  surface 
with  buried  object. 
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Figure  2.  Bistatic  scattering  coefficients  from  the  randomly 
rough  surface  (VV). 
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Figure  3.  Bi static  scattering  coefficients  from  the  randomly 
rough  surface  with  buried  object  (VV). 
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INTRODUCTION 

In  subsurface  radar  applications,  it  is  often  experienced  that 
the  requirements  for  the  resolution  and  the  penetration  depth 
contradict  each  other.  For  example,  pre-excavation  survey  of 
archaeological  sites  may  require  to  detect  buried  objects  of  the 
order  of  10cm  at  a  depth  of  Im.  In  such  a  case,  the  compromise 
will  be  the  use  of  around  500MHz,  for  which  the  target  is  on 
the  order  of  a  radar  wavelength.  We  refer  to  the  target  in  such  a 
situation  as  a  ‘small  object’.  It  is  thus  hard  to  identify  the  shape 
of  the  object  with  conventional  signal  processing  technique  as 
the  synthetic  aperture  method. 

Our  objective  is  to  develop  a  robust  high-resolution  imag¬ 
ing  algorithm  applicable  to  targets  whose  dimension  is  close  to 
the  radar  wavelength.  In  order  to  avoid  instabilities  in  super- 
resolution  techniques,  we  limit  the  number  of  freedom  in  the 
estimation  by  properly  modeling  the  target  as  well  as  the  pa¬ 
rameters  of  the  medium. 

DISCRETE  MODEL  FITTING  ALGORITHM 

Our  algorithm,  which  is  called  discrete  model  fitting  (DMF) 
method[l],  solves  the  inverse  problem  of  imaging  the  subsur¬ 
face  object  by  iteratively  compare  the  estimated  received  signal 
waveforms  computed  from  the  model  of  the  target  with  those  of 
the  received  signal,  and  by  adjusting  the  parameters  which  de¬ 
scribes  the  model  so  that  the  variance  between  the  waveforms 
are  minimized.  Currently  it  deals  with  two-dimensional  imag¬ 
ing  based  on  a  one-dimensional  scan  of  the  radar  sensor,  al¬ 
though  both  monostatic  and  multistatic  cases  can  be  treated. 

At  the  first  step,  outstanding  targets  are  estimated  as  a  group 
of  point  targets.  Position  of  each  target  is  estimated  from  the 
peaks  in  the  received  signal  waveform,  which  gives  the  distance 
of  the  points  from  each  antenna.  All  possible  combinations  of 
these  points  determined  from  two  received  signals  at  different 
antenna  locations  are  plotted  on  a  plane.  A  consensus  analysis 
distinguishes  the  true  points  from  spurious  ones.  Discontinuity 
in  the  medium  are  also  estimated  based  on  the  consensus  anal¬ 
ysis  of  the  received  time  series  at  each  point  during  the  scan. 
Non-linear  least  squares  fitting  is  used  to  improve  the  model  in 
an  iterative  manner  in  estimating  the  layer  boundaries  and  the 
point  targets[2]. 

For  each  prominent  target  found  in  the  first  step,  the  shape 
0-7803-3068-4/96$5.00©1996  IEEE 
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Figure  1:  Arrangements  of  variable  and  interpolated  points  in 
the  modeling. 

estimation  procedure  is  applied.  The  shape  of  the  target  is  ex¬ 
pressed  in  terms  of  the  points  which  represents  its  outer  bound¬ 
ary.  These  points  are  selected  so  that  the  distance  between  ad¬ 
jacent  points  are  on  the  order  of  1/10  of  the  radar  wavelength, 
and  they  are  connected  smoothly.  Fig.  1  schematically  shows 
the  arrangements  of  these  points.  Location  of  large  circles  are 
varied  only  in  the  radial  direction  from  its  virtual  center,  which 
is  determined  in  each  iteration,  and  the  location  of  small  cir¬ 
cles  are  computed  by  Lagrangian  interpolation.  In  this  manner, 
the  set  of  parameters  which  describes  the  model  shape  is  mini¬ 
mized  to  (xc,  Vc),  and  (i  =  1, . . . ,  iV),  where  N  is  the  number 
of  variable  points,  which  is  4  in  the  case  of  Fig.  2. 

The  reflections  from  these  connected  points  are  computed 
by  the  ray  tracing  method,  and  the  edge  refraction  component 
is  appended  to  the  reflection  component  with  the  aid  of  physi¬ 
cal  optics  so  that  the  two  components  connect  smoothly.  Fig.  2 
shows  an  example  of  the  rays  thus  generated.  In  the  ray  trac¬ 
ing,  only  the  location  of  wavefront  and  the  energy  associated 
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Figure  2:  Scattering  of  rays  from  a  finite  object. 

it  is  computed  at  each  time  step.  In  order  to  generate  the  es¬ 
timated  signal  waveform  at  the  location  of  receiving  antennas, 
the  waveform  for  the  reflected  waves  are  computed  using  the 
FDTD  method,  and  convolved  with  the  impulses  which  repre¬ 
sent  individual  rays  corresponding  to  various  scattering  paths. 
For  the  edge  reflection  component,  the  reference  waveform  is 
prepared  in  a  form  of  a  table  for  possible  combination  of  the 
incident  and  reflected  directions,  and  synthesized  each  time  for 
the  desired  directions. 

IMAGING  OF  SIMPLE  TARGET  SHAPES 

The  major  restriction  of  this  imaging  technique  is  that  proper 
initial  guesses  are  required  for  the  model  parameters  in  each 
non-linear  fitting  process.  Automated  procedures  for  finding 
such  initial  parameters  have  been  devised  for  various  cases,  in¬ 
cluding  the  one  for  an  arbitrary  shaped  perfectly  conducting  ob¬ 
ject.  It  starts  with  the  prominent  point  target,  and  gradually  ex¬ 
pands  its  surface  by  modifying  the  points  which  represent  the 
boundary.  The  expansion  terminates  when  the  surface  is  ex¬ 
tended  one  wavelength  beyond  the  reflection  boundary  on  both 
sides.  Extension  of  the  surface  more  than  this  limit  usually  re¬ 
sults  in  an  expansion  into  the  direction  from  which  no  echo  re¬ 
turns  to  the  direction  of  antennas. 

We  have  examined  the  performance  of  this  imaging  tech¬ 
nique  with  numerical  simulations.  We  assume  a  case  where 
the  radar  sensor  scans  linearly  along  the  ground  surface,  and 
transmit  a  mono-cycle  pulse  at  a  fixed  interval.  We  neglect  the 
effect  of  the  ground  since  it  can  be  removed  from  the  data  fairly 
easily  by  subtracting  the  DC  component  in  the  direction  of  the 
scan.  Fig.  3  shows  the  process  of  reconfiguring  the  shape  of  a 
perfectly  conducting  cylinder.  Squares  indicate  the  location  of 
antennas,  each  of  which  is  used  for  both  transmission  and  recep¬ 


Transition  of  the  Residual 

Cylinder 


Figure  4:  Transition  of  the  residual  of  fitting  in  each  iteration 
of  the  imaging  as  the  number  of  variable  point  is  increased. 


tion,  and  is  used  alternately  in  a  monostatic  operation.  The  ab¬ 
scissa  and  the  ordinate  is  expressed  in  the  unit  of  the  radar  wave¬ 
length  at  the  center  frequency  of  the  transmitted  pulse.  The 
shaded  circle  represents  the  cross  section  of  the  given  cylinder, 
and  the  small  circles  along  its  border  indicate  the  reconstructed 
image.  The  simulated  data  is  generated  by  using  FDTD  method 
with  the  second  order  absorbing  boundary[3],  and  compared 
with  the  estimated  received  signal  computed  from  the  recon¬ 
structed  image  using  the  ray  tracing  algorithm.  Fig.  4  shows 
the  residual  of  the  fitting  in  each  iteration. 

Similar  results  are  obtained  for  other  simple  shapes  such  as 
a  conducting  plate.  We  also  made  a  test  site  experiments,  which 
confirmed  the  performance  of  the  proposed  algorithm  examined 
by  this  simulation. 

SUMMARY 

A  model  fitting  algorithm  was  developed  for  imaging  an  ob¬ 
ject  whose  size  is  on  the  order  of  the  radar  wavelength,  which 
is  often  the  case  for  subsurface  radar  applications.  The  per¬ 
formance  of  the  algorithm  is  examined  for  simple  shapes  with 
numerical  simulations  and  test  site  experiments.  Although  the 
cases  examined  in  this  paper  assumed  that  the  medium  is  uni¬ 
form,  the  DMF  algorithm  has  been  extended  to  the  case  of  lay¬ 
ered  media.  The  ultimate  limitation  of  this  algorithm  is  the  to¬ 
tal  number  of  parameters  and  the  appropriateness  of  the  model, 
which  need  to  be  constructed  for  individual  situations. 
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Figure  3:  Evolution  of  the  model  shape  in  the  estimation  process  of  a  conducting  cylinder. 
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Abstract-Detecting  subsurface  objects  by  using  Ground- 
Penetrating  Radar  (GPR)  has  received  considerable  interest  in 
recent  years.  In  order  to  interpret  radar  signals  from  buried 
objects,  one  must  have  the  ability  to  model  a  large  range  of 
objects,  grounds  and  radar  antennas,  theoretically  or 
numerically,  so  that  a  real  GPR  system  can  be  simulated. 
Many  investigations  have  been  done  for  modeling  objects 
(scatterers)  and  grounds,  but  few  have  involved  realistic 
antennas.  This  paper  presents  a  technique  to  model  real  GPR 
antennas  located  above  a  ground  in  which  an  object  is  buried. 
Numerical  results  are  presented  to  verify  this  technique. 

INTRODUCTION 

The  increasing  use  of  ground-penetrating  radar  systems 
has  brought  about  the  need  for  sophisticated  GPR  modeling 
tools  that  are  capable  of  interpreting  the  radar  returns  from 
objects  buried  in  a  variety  of  grounds.  The  interpretation  of 
radar  returns  involves  several  research  subjects,  such  as  the 
modeling  of  radar  antennas,  grounds  and  buried  objects.  The 
interpretation  of  radar  returns  can  be  helpful  for 
understanding  how  to  detect  and  identify  buried  objects  with 
GPR  systems. 

A  computer  code  that  is  used  to  simulate  the  performance 
of  GPR  systems  is  called  a  GPR  simulator.  In  general,  a 
good  GPR  simulator  is  capable  of  correctly  modeling  the 
characteristics  of  the  antennas,  the  ground,  and  the  scatterers. 
Unfortunately,  techniques  that  are  good  at  modeling  one 
aspect  of  the  problem  are  usually  not  well  suited  for  others. 
For  example,  the  finite-difference  time-domain  technique 
(FDTD)  [1]  is  well  suited  for  modeling  dielectric  spaces, 
such  as  grounds  and  scatterers,  but  is  not  well  suited  for 
modeling  complex  antennas.  Conversely,  the  method  of 
moments  (MOM)  [2]  is  well  suited  for  modeling  complex 
antennas,  but  not  penetrable  objects  and  real  grounds.  Since 
accurate  ground  modeling  is  usually  essential,  most  GPR 
simulators  concentrate  on  accurate  ground-scatterer  modeling 
at  the  expense  of  modeling  complex  antennas. 

This  paper  presents  a  technique  that  is  able  to  model 
complex  antennas  in  the  presence  of  real  grounds  and 
scatterers.  This  technique  makes  use  of  the  well-known 
equivalence  principle  from  electromagnetics,  which  allows 
the  overall  GPR  geometry  to  be  divided  into  two  sub¬ 
geometries.  Different  numerical  techniques  can  then  be  used 
to  model  different  aspects  of  the  overall  problem.  An  iterative 
procedure  is  used  to  link  two  sub-geometries  to  the  actual 
geometry  being  modeled.  This  technique  is  described  in  the 
following  section,  along  with  numerical  results. 
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FORMULATION  OF  THE  PROBLEM 

Consider  the  typical  GPR  geometry  which  is  shown  in 
Fig.  1.  Here,  an  antenna  is  located  above  a  ground  in  which 
an  object  (scatterer)  is  buried.  The  antenna  transmits  an 
incident  field  toward  the  ground.  This  field  is  partially 
transmitted  into  the  ground  and  then  scattered  by  the  buried 
object. 


I  Antenna 
Air  ^ 


Ground 

Scatterer 


Figure  1.  A  typical  ground-penetrating  radar  geometry. 

Unfortunately,  no  one  technique  is  well  suited  for 
modeling  this  typical  GPR  geometry.  This  is  because  there  is 
an  interaction  between  the  antenna  and  the  ground-scatterer, 
which  requires  the  technique  to  model  both  antenna  and 
ground-scatterer,  as  well  as  their  interaction. 

We  can  analyze  this  GPR  geometry  by  using  the 
Schelkunoff  equivalence  principle  [3]  to  split  the  original 
geometry  into  two  sub-geometries.  This  is  accomplished  by 
surrounding  the  antenna  in  Fig.  1  with  a  mathematical  surface 
S  and  removing  either  the  interior  elements  or  the  exterior 
elements.  The  fields  generated  by  these  removed  objects  are 
supported  by  a  set  of  equivalent  electric  and  magnetic  surface 
currents  that  are  impressed  on  S.  In  this  way,  the 
complicated  geometry  can  be  divided  into  two  sub¬ 
geometries:  an  antenna  geometry  and  a  ground-scatterer 
geometry. 

Fig.  2  shows  these  sub-geometries.  The  antenna  geometry 
consists  only  of  the  antenna  and  the  equivalent  currents.  In 
this  geometry,  the  fields  inside  S  are  identical  to  the  fields 
inside  S  in  the  original  geometry,  and  zero  outside  S.  The 
ground-scatterer  geometry  consists  only  of  the  ground,  the 
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scatterer,  and  the  equivalent  currents  on  S.  The  fields  outside 
S  in  this  sub-geometry  are  identical  to  those  in  the  original 
geometry,  and  zero  inside  S.  The  equivalent  surface  currents 
that  must  be  placed  on  S  in  both  sub-geometries  are  given  by 


=nxH 

(1) 

Mj  =  E  X  n 

(2) 

where  n  is  the  outwardly  pointing  unit  vector  of  S,  J,  and  M, 
are  the  electric  and  magnetic  surface  currents  respectively, 
and  E  and  H  are  the  electric  and  magnetic  fields  on  S  in  the 
original  geometry,  respectively.  The  values  of  these  surface 
currents  can  be  determined  by  modeling  the  two  sub- 
separately  and  passing  field  information  between  them  using 
an  iterative  procedure.  This  procedure  models  the  interaction 
between  the  antenna  and  the  ground-scatterer. 


Antenna  Geometry  Ground-Scatterer  Geometry 

Figure  2.  The  geometry  of  the  equivalent  problem. 

The  iterative  procedure  starts  by  modeling  the  antenna 
geometry  to  get  an  initial  estimate  of  surface  currents  on  S. 
Then,  one  can  impress  these  surface  currents  on  S  to  model 
the  ground-scatterer  geometry.  By  sampling  the  fields  on  S, 
one  can  then  obtain  an  improved  estimate  of  the  surface 
currents  that  includes  the  initial  currents  and  the  currents  due 
to  the  effect  of  the  ground-scatterer.  The  next  step  is  to  model 
the  antenna  geometry  again,  while  impressing  the  new 
surface  currents  on  S.  By  sampling  the  fields  on  S,  the 
initial  surface  currents  on  S  can  be  updated.  These  updated 
currents  are  impressed  on  S  to  repeat  modeling  the  ground- 
scatterer  geometry.  A  more  accurate  solution  (surface 
current  or  field)  can  be  obtained  by  performing  more 
iterations. 

Many  numerical  methods  can  be  used  for  modeling  each 
sub-geometry  depending  on  the  complexity  of  the  problem. 


For  example,  if  the  antenna  is  simple,  such  as  a  thin  wire 
dipole,  the  FDTD  method  can  be  used  for  both  sub¬ 
geometries.  In  many  GPR  applications,  the  antenna  usually 
is  too  complicated  for  the  FDTD  method  to  model. 
Therefore,  in  order  to  handle  more  complicated  antennas, 
one  can  use  the  MOM  to  model  the  antenna  and  the  FDTD  to 
model  the  ground-scatterer  geometry. 

SIMULATION 

In  this  section,  a  numerical  experiment  is  presented  to 
verify  this  iterative  technique.  The  geometry  of  the 
experiment  is  shown  in  Fig.  3.  Here,  the  radar  antenna  is 
selected  as  a  thin  wire  dipole,  driven  by  a  voltage  source. 
This  antenna  is  simple  enough  so  that  the  whole  problem  can 
be  solved  by  either  the  FDTD  method  directly  or  by  the 
iterative  method.  The  result  obtained  by  solving  the  whole 
problem  by  using  the  FDTD  directly  can  be  considered  as  an 
exact  solution.  Therefore,  the  iterative  results  can  be 
compared  with  the  exact  result  to  verify  the  iterative 
technique. 

In  this  experiment,  the  thin  wire  dipole  (0.6-meter  long)  is 
located  0.4  meters  above  a  ground.  The  ground  is  a  stratified 
medium  [4]  with  a  relative  dielectric  constant  that  changes 
linearly  from  the  surface  (6.0)  to  1.6  meters  below  the 
surface  (8.0),  with  a  uniform  conductivity  of  0.01  s/m.  A 
perfectly  conducting  cube,  0.2  meter’,  is  buried  in  the  ground 
0.6  meters  below  the  ground  surface.  The  exact  solution  is 
obtained  in  a  50  x  50  x  70-cell  FDTD  space,  in  which  the 
ground  contains  40  cells  in  the  vertical  direction  and  the 
equivalence  surface  encloses  20  x  10  x  10  cells.  The  FDTD 
cell  size  is  0.04  meters.  The  voltage  source  is  a  6-ns-double- 
peak  Gaussian  pulse. 

'  ~  "fDTD  Space' 


Figure  3.  The  geometry  of  the  numerical  experiment. 

Fig.  4  shows  the  comparisons  between  the  exact  result 
(solid  line)  and  iterative  result  (dashed  line)  when  the  antenna 
is  excited  with  a  voltage  pulse.  Here,  the  electric  field  0.8 
meters  above  the  ground  is  shown.  As  can  be  seen,  the 
difference  between  the  exact  result  and  the  iterative  result 
becomes  smaller  as  more  iterations  are  performed.  The  result 
of  the  fourth  iteration  is  very  close  to  the  exact  result. 
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Fig.  5  shows  the  relative  mean  of  absolute  value  of  the 
scattered-field  error.  Here,  the  error  field  is  the  difference 
between  the  exact  field  and  the  iterative  field.  As  can  be  seen 
in  this  figure,  the  relative  mean  error  becomes  smaller  as 
more  iterations  are  performed,  indicating  that  the  iterative 
procedure  is  capable  of  correctly  modeling  the  antenna,  the 
ground,  and  the  scatterer. 


The  First  Iteration  The  Second  Iteration 


Figure  4:  Electric  field  at  one  point  above  the  ground. 

CONCLUSION 

In  this  paper  we  have  presented  an  iterative  technique  that 
is  capable  of  modeling  complex  antennas,  grounds,  and 
scatterers.  This  technique  allows  the  antenna  to  be  modeled 
separately  from  the  ground- scatterer  geometry,  thus  allowing 
different  numerical  techniques  to  model  both  parts  of  the 
overall  geometry. 

Although  the  numerical  results  presented  here  used  the 
same  numerical  technique  (FDTD)  to  model  both  parts  of  the 


overall  problem,  this  is  not  a  restriction  of  the  overall 
technique  itself. 


The  Mean  of  Absolute  Value  of  Error  Field 


Figure  5:  Relative  mean  of  the  error  field. 
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Abstract  -  This  paper  proposes  a  hierarchical  fizzy 
clustering  algorithm  using  pyramid  linking  data. 
The  authors  implemented  computational  code  of 
the  hierarchical  fizzy  clustering  scheme  on  Sun 
workstation.  The  code  incorporates  flexible 
computational  modes. 

The  authors  evaluated  the  code  experimentally 
using  hypothetical  data  and  image  data  of  Earth 
observation  satellites.  Three  levels  of  pyramid 
linking  data  system  from  these  data  are  generated 
using  1  to  16  neighbor  pixel  averaging 

according  to  the  pyramid  linking  information.  The 
hypothetical  data  has  been  efficiently  segmented. 
Some  test  sites  of  satellite  image  are 
experimentally  classified  by  this  code. 

INTRODUCTIONS 


To  efectively  utilize  of  remotely  sensed 
data  from  Earth  observation  satellites  for  global 
resource  monitoring  and  vegetation  mq^ping,  it  is 
necessary  to  develop  automatic,  high-speed  land 
cover  classification  methods  applicable  to  huge  volumes 
of  image  data  with  multispectral  bands  and  various 
spatial  resolutions. 

The  fizzy  c-means(FCM)  clustering  algorithm 
can  provide  a  non -parametric  and  unsupervised  approach 
to  the  cluster  analysis  of  remote  sensing  data. 
Several  effiirts  of  fizzy  clustering  have  been 
0-7803-3068-4/96$5.00©1996  IEEE 


undertaken  by  J.C.  Bezdek  and  others^)’^).  Some  earlier 
studies  suffir  from  problems  due  to  the  setting 
of  optimum  initial  conditions,  low  classification  accuracy 
and  high  computational  load. 

In  the  next  section,  this  paper  presents 

a  new  hierarchical  fizzy  clustering  method 

(HFCM)  using  pyramid  link  data  based  on  the  fizzy 
c-means  algorithm  and  the  computational  characteristics 
of  implemented  code.  It  next  discusses 
experimental  results  of  applying  this  clustering  method 
to  hypothetical  data  and  satellite  images  then 

presents  conclusions  of  the  study. 

A  HIERARCHICAL  FUZZY  CLUSTERING 
USING  PYRAMID  LINK  DATA 


Our  hierarchical  fizzy  clustering 
algorithm  is  a  modified  version  of  the  hierarchical 
approach  based  on  a  fizzy  c-means  (FCM)  algorithm 

proposed  by  M.  M.  Trivedi  et  al^X  We  first 
implemented  an  elemental  FCM  code,  then  this 
code  was  integrated  into  a  hierarchical  scheme  so 
we  could  use  pyramid  link  data  stmctures(PDS) 
that  were  generated  from  single  and/or  multiple 
imaging  sensor  data  .  Figure  1  shows  the  concept 
of  the  hierarchical  fizzy  clustering  using 
pyramid  link  data.  We  used  the  FCM  clustering 
algorithm  to  partition  the  measurement  spectral 
space  for  each  iteration  then  tested  each 
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partitioned  region  for  a  homogeneity. 


NOT  HOMOGENEOUS  DATA 


_ y  HOMOGENEOUS  DATA 

CLUSTER  MERGE  & 

CATEGORY  CLASSIFICATION 

r 

STOP 


Fig.  1  Concept  of  Hierarchical  Fuzzy  Clustering 

If  the  r^ion  is  non  homogeneous  (  the  bz2>/ 
membership  value  of  a  pixel  is  less  than  the 
threshold  value,  we  split  it  into  smaller 

regions  using  FCM  clustering  at  next  PDS  level(  finer 
resolution  level  ).  Coarse-to-fine  processing  is 
performed;  The  processing  results  fom  coarse 
resolution  are  propagated  to  finer  resolution. 

This  PDS  enable  us  allows  to  represent  the 
original  image  of  a  single  sensor  or  multiple 
sensors  data  at  various  levels  that  dife  in 
resolution.  The  resolution  of  data  decreases  as  the 

pyramid  level  increases.  The  data  size 
decreases  by  a  fector  of  four  due  to  sub¬ 

sampling  horizontally  and  vertically.  In  a  typical 
PDS,  upper  level  image  versions  are  generated 
using  four  neighbors  pixel  averaging  from  a  lower 
level  image.  In  our  PDS,  however,  we  generate 
pyramid  link  information  on  the  Euclid  distance 
between  consecutive  PDS  levels.  We  will 
compute  the  level  k+1  version  of  the  images  from  a 
single  sensor  using  1  to  16  pixel  averaging  of 
the  level  k  version  of  an  image  with  the  link 

information  between  image  level  k+1  and  k.  For 
multiple  sensors,  the  PDS  will  be  composed  of 
diferent  resolution  data  from  diftrent  sensor.  For 
example,  TM  data  (IFOV  ;30m)  of  LANDSAT  and  the 


Advanced  Visible  and  Near  Infrared  Radiometer  (AVNIR  ; 
IFOV  16m)  data  of  the  Advanced  Earth  Observing 
Satellite(  ADEOS  )  of  Japan,  which  will  be 
launched  in  1996,  will  be  combined  to 
generate  the  PDS. 

This  code  version  has  the  following 
features:  1)  Initial  clustering  centers  for  iteration  are 

assigned  from  random  sampling  of  each  level  of 
PDS  generated  from  original  image  data  2)  The 

degrees  to  which  each  pixel  belongings  to 

the  initial  clustas  is  assigned  from  the  Euclidean 
distances  between  gray  level  of  the  pixel  to  the 
cluster  center  or  arbitrary  constants.  3)  The  fizzy 
cluster  centers  in  the  previous  PDS  level  may 
become  a  part  of  the  initial  cluster  centers  of  the 
next  PDS  level.  4)  The  fuzzy  membership  values  ofa 
pixel  for  each  cluster  are  represented  by  4  bytes 
of  real  data  in  stead  of  0  to  255  (8  bit  intega). 
5)  Category  correspondence  processing  between 
cluster  and  category  is  performed  by  similarity 
measure.  6)  Flexible  computational  modes  of 
hierarchical  fizzy  clustering  are  implemented  into 
the  code:  single  stage,  two  stages,  three  stages 
etc. 


EVALUATION  EXPERIMENTS 

We  conducted  experiments  using 
hypothetical  data  of  3  spectral  bands  and  real 
image  data  from  SPOT  on  a  Sun  4/2  work  station 
to  evaluate  the  implemented  code. 

The  hypothetical  data  composed  of  12 
homogeneous  sub-regions  of  data  from  3  bands 
with  random  noise  is  shown  in  Fig.2.  The  standard 
deviation  of  added  noise  is  3  for  band  1, 
5  for  band  2  ,  5  for  band  3.  The  mean 
value  of  added  noise  is  zeroforeach  band.  We 
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Fig.  2  Hypothetical  Data(  3  Band,  12  Classes) 


generated  three  levels  of  PDS  from  this 
hypothetical  data  and  sequentially  processed  each  PDS 
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level  data  I3,  I2,  and  I]  using  the  hierarchical 

fuzzyclustering(HFCM)  code.  We  were  then  able 
to  successfully  segment  the  hypothetical  data  into  12 
homogeneous  regions.  In  this  experiment,  we  ^plied 
HFCM  (  three  stages  (1st  ,  2nd,  and  3rd  )  to 
hypothetical  data  Table  1  compares  the  average 
classification  accuracy  for  various  classification 
methods  using  hypothetical  3-band  data  This 
table  shows  that  a  hierarchical  fizzy  clustering 
(HFCM,  three  stages)  using  pyramid  link  data  has  the 
highest  classification  accuracy  in  these  methods.  In 
this  table,  the  average  segmentation  accuracy  of 
hierarchical  fizzy  clustering  (HFCM,  3  stages)  is 
91.27%  in  contrast  with  62,62%  for  conventional 
fizzy  clustering  (HFCM,  single  stage).  Computation 
time  for  hierarchical  fiz^  clustering  (HFCM,three 
stages)  was  less  than  that  of  conventional  fizzy 
clustering  (HFCM,  single  stage). 

We  experimentally  ^plied  the  hierarchical 
fizzy  clustering  code  to  three  levels  of  PDS 

generated  from  a  SPOT  satellite  HRV  image. 
The  test  site  is  a  sub-area  of  the  HRV  image  (5 12  x 
400  pixels,  3  bands)  of  the  Sagami  River  basin 
near  Yokohama,  Japan  that  taken  on  January  14, 
1989  by  SPOT  2.  We  applied  hierarchical  fuzzy 
clustering  (  HFCM,  three  stages)  procedure  using 
pyramid  linka  data  to  this  test  site  using  the 
following  processing  parameters;  m=2.0;  /max=50; 
Uth;0.9  (1st),  0.8  (2nd),  0.1  (3rd),  36  clusters  (  first, 
second,  and  third). 

We  then  classified  all  108  clusters  into  five 

categories  using  similarity  measures  between 


Table  1  Comparison  of  Averaged  Classification 
Accuracy  for  Hypothetical  Data 


Classification 

Method 

Averaged  Classification  Comments 
Accuracy  (%) 

HFCM 
three  stages 

91.27 

#  of  itr;  ;22, 45,  50 
#ofcls;  12,12,12 
(lst^2nd“^3rd) 
Uth;  0.8,  0.5,  0,2 
e;0.032,  rej;  255 

HFCM 
single  stage 

62.42 

U  of  itr;  50 
#  of  els  ;36(3rd  only) 
Uth;  0.2 , 

e;  0.120,  rej;  5293 

Maximum 

Likelihood 

88.97 

threshold;  3.0 

clusters  and  ground  categories.  The  classification 


accuracy  is  currently  being  investigated.  Results 
from  these  preliminary  experiments  show  that  the 
hierarchical  fizzy  clustering  code  implemented  for  a 
Sun4/2  workstation  enables  efficient  segmentation 
of  coverage  types  of  Earth  surfaces 

CONCLUDING  REMARKS 


From  the  experiments  on  a  hierarchical 
fizzy  clustering  code  using  pyramid  link  data,  we  can 
concluded  the  following.  (1)  this  code  is  superior  to 
conventional  FCM  or  the  maximum  likelihood 
method  in  clustering  capability  and  ability  to  detect 
more  reliable  clusters.  (2)  The  computation  time  for 
hierarchical  fizzy  cluster  analysis  of  image  data 
using  this  code  is  less  than  that  ofconventional  FCM. 
(3)  The  smoothing  efect  of  coarse  stage  PDS  of 
this  code  is  less  sensitive  to  noise  than 
conventional  FCM.  We  will  perform  firther 

detailed  experiments  using  various  sensor  data. 
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ABSTRACT 

The  objective  of  the  paper  is  to  assess  the  use  of  fractal  dimension  as  discriminators  in  Indian  Remote  Sensing 
Satellite  (IRS)  image  for  different  forest  and  crop  pattern.  In  this  study,  a  kemal  of  a  pre-defined  size  has  been 
moved  on  a  single  band  image  and  corresponding  fractal  dimension  is  found  using  Triangular  Prism  Surface 
Area  method.  The  measured  dimension  is  used  as  a  classification  factor  and  applied  over  the  kernal.  A 
preliminary  study  is  performed  using  IRS  LISS  II  Band-4  data.  The  results  are  motivating  and  significant 
improvement  has  been  obtained  in  this  procedure  in  case  of  a  homogeneous  pattern  occurred  in  this  data. 


INTRODUCTION 

In  recent  years,  fractals  have  been  shown  to  be  very 
useful  for  the  characterization  ofnatural  objects  such 
as  mountains,  clouds,  trees,  coastlines  etc.  Further 
more,  the  fractal  theory  has  been  used  with  efficiency 
for  the  analysis  of  chaotic  signals[l].  The  central 
concept  of  fractal  is  the  notation  of  self-similarity[2]. 
The  fractal  differs  from  the  cartesian  dimension.  The 
later  is  an  integer  with  value  one  for  a  linear  and  two 
for  a  surface.  The  fractal  dimension  differs  from  one 
for  a  straight  line  to  two  for  a  surface  to  three  for  an 
infinity  controlled  surface  as  real  value  depends  upon 
the  amount  of  complexity  or  roughness  of  the 
surface[3].  In  general,  the  classifications  are  using 
the  reflectance  value  of  training  pixels  to  characterize 
the  spectral  behavior  of  several  land  cover  types.  The 
mean  and  variance  of  these  spectral  data  are  used  to 
classify  the  entire  image.  In  this  paper,  the  fractal’s 
roughness  theory  is  applied  to  classify  the  IRS  images 
without  using  training  sites. 

An  attempt  has  been  made  on  IRS- IB,  LISS  II, 
BAND-4  data  acquired  on  January  93  covering  a 


part  of  Surguja  district,  M.P  of  size  500X500  pixels. 
The  study  area  is  covered  with  different  land  cover 
classes  viz.  Forest,  Agriculture  and  Water  body. 
Procedure  of  obtaining  fractal  dimension  from  data 
and  tests  of  classification  performance  are  presented. 

CLASSIFICATION  PROCEDURE 

To  obtain  the  fractal  dimension,  we  apply  the 
Triangular  Prism  Surface  Area  method[4].  The 
method  is  briefly  described  as  follows.  To  determine 
the  fractal  dimension  of  an  area  around  a  given  pixel, 
we  choose  a  set  of  pixels  surrounding  that  pixel.  This 
set  of  pixels  form  a  window.  At  each  position  of  the 
window,  the  surface  area  is  calculated  at  several  spatial 
resolution.  The  digital  values  at  the  comers  of  the 
window  are  read  from  the  image  and  the  average  value 
at  the  center  of  the  window  is  calculated.  Four 
triangles  can  be  calculated  by  Heron’s  formula.  The 
sum  of  the  surface  area  of  all  triangles  gives  the 
surface  area  of  part  of  the  image.  This  calculation  is 
repeated  at  each  window  position  for  spatial  resolution 
from  1x1  pixel  up  to  the  number  of  pixels  of  the 
window  size.  Finally,  for  each  window  the  surface 
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area  and  the  spatial  resolution  are  both  log  transformed 
and  a  linear  function  is  fit  through  the  calculated  data 
points.  The  fractal  dimension  for  a  surface  is  defined 
as 

D  =  2-r 

where  ‘r’  is  the  slope  of  the  line  through  the  log 
transformed  surface  area  and  log  transformed 
resolution,  ‘2’  is  added  to  reflect  the  higher  geometric 
dimension  of  “Topographic  Surface”  compared  to  a 
line. 

After  obtaining  the  fractal  dimension,  the  amount  of 
roughness  of  the  surface  is  computed  from  the  fractal 
dimension.  The  computed  value  has  been  applied  to 
the  corresponding  window  to  reduce  the  irregularity. 
At  certain  stage,  there  is  no  fractal  dimension  due  to 
the  smoothness  of  the  surface.  This  is  the  indication 
that  the  image  has  been  classified.  The  final  output 
shows  a  range  of  classes  from  ‘0’  to  the  number  of 
classes  presented  in  the  image,  depending  upon  the 
window  size  chosen.  The  size  of  the  window  can  affect 
the  value  of  the  fractal  dimension.  We  found  more 
number  of  classes  with  5X5  size  window  than  with 
8X8  size  window. 

RESULTS 

The  IRS  BAND-4  raw  image  of  the  study  area  is 
presented  in  Fig.  1 .  Since  the  data  used  was  January 
month,  where  the  total  agriculture  is  generally 
harvested  (rice  crop),  the  separability  of  different 
forest  cover  type  canopy  density  classes  can  be  very 
well  observed  in  this  image.  The  classified  image  of 
the  same  area  is  exhibited  in  fig-2.  The  harvested 
agriculture  class  has  been  further  classified  as 
Agriculture_A  and  Agriculture_B  depending  upon  the 
irrigability  condition. The  discriminating  factor 
obtained  from  the  fractal  dimension  for  each  class  with 
the  number  of  pixels  presented  in  each  class  are  shown 
in  Table- 1.  From  this  we  can  easily  identify  that 
Agriculture_A  and  Agriculture  B  classes  are 
dominating  area  compared  to  other  classes[5].  The 
Sal  forest  area  is  predominantly  covered  by  Shorea 
Robusta. 


These  observations  are  reinforced  by  the  fi'actal  results 
of  Table- 1  of  8X8  window  size,  which  provides 
insights  about  the  classes  and  their  labels.  The 
roughness  factor  of  the  water  body  is  less  when 
compared  to  Sal  forest.  There  is  not  much  difference 
between  the  roughness  factor  for  Agriculture  A  and 
Agriculture_B. 

DISCUSSION  AND  CONCLUSION 

The  classification  procedure  as  described  in  this  study 
provides  significant  improvement  in  differentiating  the 
classes.  The  fractal  dimension  of  classes  have  shown 
to  have  distinctive  distributions,  especially  in  case  of 
Agriculture  type.  The  discontinuity  of  water  body  has 
been  found  in  this  classified  image  (Fig.2).  This  may 
be  due  to  the  insufficient  testing  window  size  of  the 
class.  The  continuty  has  occurred  well  with  testing 
window  of  5X5  size  kernal  whereas  the  number  of 
classes  has  been  doubled  than  8x8  size  kernal.  The 
results  obtained  in  this  preliminary  study  are 
motivating  and  suggest  further  works  to  investigate 
the  correlation  between  the  ground  truth  and  more 
classes  obtained  fi'om  the  small  size  of  testing  window. 

Table-1: 


No.  Class  Window  No.  of  Pixels  Fractal 
Size  Presented  Dimension 


1 

Water  body  8X8 

9408 

2.0591 

2 

Agriculture  A  8X8 

71298 

2.1784 

3 

AgricultureB  8X8 

93269 

2.1772 

4 

Sal  Forest  8X8 

76025 

2.8189 
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Abstract 

This  paper  evaluates  the  use  of  neural  network  clas¬ 
sifiers  for  the  pattern  classification  problem  in  remote 
sensing.  The  performance  of  Multi-Layer  Perceptron 
(MLP),  Radial  Basis  Function,  and  Fuzzy  ARTMAP 
networks  is  evaluated  using  a  Landsat-5  TM  scene  of 
the  northern  section  of  the  city  of  Vienna,  Austria. 
Classification  accuracies  obtained  from  the  neural  net¬ 
work  classifiers  are  compared  with  a  benchmark,  the 
maximum  likelihood  classifier.  In  addition  to  the  eval¬ 
uation  of  classification  accuracy,  the  neural  networks 
are  analyzed  for  their  generalization  capability  and 
stability  of  results.  Best  overall  results  (in  terms  of 
accuracy  and  convergence  time)  are  obtained  using 
fuzzy  ARTMAP  followed  by  MLP  (with  weight  elimi¬ 
nation).  Their  classification  error  on  training  data  set 
are  zero  and  7.87%  respectively;  classification  error  on 
testing  data  set  are  10.24%  and  less  than  2  percent. 
Simulation  results  serve  to  illustrate  the  properties  of 
various  classifiers  in  general,  as  well  as  the  stability  of 
the  result  with  respect  to  various  critical  control  pa¬ 
rameters,  initial  parameter  conditions,  training  time, 
and  different  training  and  testing  data  sets. 

Neural  Networks 

Satellite  remote  sensing  has  become  a  valuable  tool 
for  gathering  information  about  planet  earth.  Im¬ 
ages  received  by  satellites  are  useful  not  only  for  ob¬ 
serving  but  monitoring  changes  in  the  natural  envi¬ 
ronment.  High-spatial  resolution  images  acquired  by 
earth-orbiting  sensors  may  also  be  used  to  monitor 
both  the  extent  of  urban  areas  and  their  composition 
in  terms  of  land  use.  Unfortunately,  many  of  the  com¬ 
monly  used  image  processing  techniques,  such  as  para¬ 
metric  pixel-by-pixel  classification  algorithms,  tend  to 
perform  poorly  in  this  context.  This  is  because  urban 
areas  comprise  a  complex  spatial  assemblage  of  dis¬ 
parate  land  cover  types  -  including  built  structures, 
numerous  vegetation  types,  bare  soil  and  water  bodies 
-  each  of  which  has  different  spectral  reflectance  char- 
0-7803-3068-4/96$5.00©1996  IEEE 
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acteristics.  As  a  result,  pattern  recognition  in  urban 
areas  is  one  of  the  most  demanding  issues  in  classify¬ 
ing  satellite  remote  sensing  data.  The  present  research 
uses  artificial  neural  networks  for  classification  of  ur¬ 
ban  areas. 

Neural  Networks 

The  neural  networks  used  in  this  paper  include  two 
types  of  the  Multi-Layer  Perceptron  (MLP)  network, 
radial  basis  function  network  [2],  and  fuzzy  ARTMAP. 
MLP  are  feed-forward  networks  with  one  or  more  lay¬ 
ers  of  nodes  between  input  and  output  nodes.  These 
additional  layers  contain  the  hidden  units  or  nodes.  In 
the  present  study,  the  input  layer  consists  of  six  units 
representing  the  six  spectral  channels  (TMl,  TM2, 
TM3,  TM4,  TM5,  and  TM7)  and  the  output  layer  rep¬ 
resents  the  eight  a  priori  land  use  categories  (see  Table 
1).  The  specification  of  the  activation  function  is  a 
critical  issue  in  successful  application  of  a  MLP  clas¬ 
sifier.  We  have  used  two  types  of  activation  functions 
in  the  present  study.  The  first  MLP  network,  called 
MLP-1,  uses  a  logistic  function;  the  second  MLP  net¬ 
work,  called  MLP-2,  uses  a  hyperbolical  tangent  acti¬ 
vation  function.  Both  MLP-1  and  MLP-2  are  trained 
using  the  backpropagation  algorithm  [3].  In  a  Ra¬ 
dial  Basis  Function  (RBF)  network  the  hidden  units 
compute  radial  basis  functions  of  the  inputs.  The  net 
input  to  the  hidden  layer  is  the  distance  from  the  in¬ 
put  to  the  weight  vector.  The  RBF  classifier  in  the 
present  study  uses  softmax  ouput  units  and  Gaussian 
functions  in  the  hidden  layer.  For  complete  details  on 
the  three  classifiers,  see  [2].  Fuzzy  ARTMAP  [1]  syn¬ 
thesizes  fuzzy  logic  and  Adaptive  Resonance  Theory 
(ART)  models  by  exploiting  the  formal  similarity  be¬ 
tween  the  computations  of  fuzzy  subsethood  and  the 
dynamics  of  ART  category  choice,  search  and  learn¬ 
ing.  The  advantages  of  fuzzy  ARTMAP  are  that  it 
constructs  the  minimum  number  of  recognition  cate¬ 
gories  to  meet  accuracy  criteria.  In  contrast,  the  num¬ 
ber  of  hidden  units  in  MLP  has  to  be  determined  by 
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trial- an d-error.  In  addition,  ARTMAP  dynamics  are 
fast,  stable  and  scalable,  overcoming  common  limita¬ 
tions  of  backpropagation  algorithm,  including  lengthy 
training  time  and  convergence  to  a  local  minima.  A 
normal  (conventional)  classifier,  maximum  likelihood, 
is  used  as  a  benchmark  to  evaluate  the  performance  of 
the  three  neural  network  classifiers.  All  classifiers  are 
given  the  same  feature  sets  in  training  and  testing. 
Data  and  Data  Representation 
The  data  used  for  training  and  testing  the  classifica¬ 
tion  accuracy  of  the  classifiers  is  a  section  (270  X  360 
pixels)  of  a  Landsat-5  Thematic  Mapper  (TM)  scene. 
The  image  covers  the  northern  section  of  the  city  of  Vi¬ 
enna  (Austria)  and  has  an  area  of  8.1X10.8  kw? .  Six 
TM  bands  are  used  (TMl,  TM2,  TM3,  TM4,  Tm5, 
TM7);  each  has  a  spectral  value  between  0-255.  Each 
TM  pixel  represents  a  ground  area  of  30x30  vn? .  The 
purpose  of  the  multispectral  classification  was  to  iden¬ 
tify  the  eight  land  cover  categories  listed  in  Table  1. 


Category 

Land  Use  Category 

Pixels 

Number 

Train. 

Test. 

Cl 

Mixed  grass  & 
arable  farmland 

167 

83 

C2 

Vineyards  &  areas 
with  sparse  veg. 

285 

142 

C3 

Asphalt  &  concrete 
surfaces 

128 

64 

C4 

Woodland  &  public 
gardens  with  trees 

402 

200 

C5 

Low  density  residen. 

&  industrial  areas 

102 

52 

C6 

Densely  built-up 
residential  areas 

296 

148 

C7 

Water  courses 

153 

77 

C8 

Stagnant  water 
bodies 

107 

54 

Total  pixels 

1640 

820 

Table  1:  Categories  Used  for  Classification  and  Num¬ 
ber  of  Training/Testing  Pixels 


Suitable  training  sites  were  selected  for  each  of  the 
eight  classes  using  ancillary  information  and  orthopho¬ 
tos.  This  approach  resulted  in  a  database  of  2,460 
pixels  (about  2.5%  of  all  pixels  in  the  scene)  that  are 
divided  into  a  training  set  (two  thirds  of  the  database) 
and  a  testing  set  by  stratified  random  sampling.  Thus 
each  training/testing  run  consists  of  1,640  training  and 
820  testing  vectors  (see  Table  1).  This  moderately 
large  size  for  each  training  run  makes  the  classifica¬ 


tion  problem  non-trivial  on  one  hand,  but  still  allows 
for  extensive  tests  on  in-sample  and  out-of-sample  per¬ 
formance  of  classifiers.  Data  preprocessing  (i.e.  trans¬ 
forming  the  raw  input  data)  is  an  important  step  in 
classification.  This  step  reduces  the  effect  of  poor 
quality  (noisy)  data  and  generally  leads  to  better  pre¬ 
dictions.  In  the  present  study,  data  are  scaled  to  the 
interval  [0,1]. 

Effect  of  Various  Control  Parameters  on  Per¬ 
formance 

Neural  networks  are  known  to  be  sensitive  to  changes 
in  network  design,  control  parameters  (including 
learning  and  initial  parameter  conditions),  the  size 
and  number  of  training  patterns,  etc.  This  issue  is 
the  major  focus  of  our  simulation  experiments.  The 
central  objective  in  real  world  applications  using  neu¬ 
ral  networks  is  to  identify  intervals  of  the  control  pa¬ 
rameters  that  give  robust  results,  and  to  demonstrate 
that  these  results  persist  across  different  training  and 
testing  sets. 

In-sample  performance  of  a  classifier  is  important 
since  it  determines  the  convergence  ability  and  sets 
a  target  of  feasible  out-of-sample  performance  which 
might  be  achieved  by  fine-tuning  the  control  param¬ 
eters  [2].  Out-of-sample  performance  measures  the 
ability  of  a  classifier  to  recognize  patterns  outside  the 
training  set,  i.e.  data  never  seen  by  the  classifier  dur¬ 
ing  training.  All  simulations  were  carried  out  on  a  Sun 
SPARCserver  10-GS  with  128  MB  RAM. 

We  summarize  the  effect  of  training  time,  initial  pa¬ 
rameter  conditions,  the  gradient  descent  control  term, 
and  training  and  testing  sets,  on  the  performance  of 
MLP  and  RBF  classifiers.  First,  simulation  results 
show  the  effect  of  training  time  (in  terms  of  epochs)  on 
the  in-sample  performance  of  networks.  The  perfor¬ 
mance  tends  to  oscillate  initially  and  stabilizes  given 
sufficient  training.  MLP-1  (with  weight  elimination, 
[2])  and  MLP-2  networks  tends  to  converge  asympot- 
ically  at  a  minimum  that  is  found  at  about  17,000 
epochs,  while  the  RBF  converged  at  about  36,000 
epochs.  (In  all  cases, .  learning  parameter  is  0.8,  net¬ 
work  is  trained  for  50,000  epochs  with  equal  random 
initializations).  Second,  simulation  results  demon¬ 
strate  that  different  initial  conditions  can  lead  to  more 
or  less  major  differences  in  the  starting  stage  of  the 
training  process.  The  in-sample  and  out-of-sample 
performance  varies  widely  with  different  initial  start¬ 
ing  conditions.  After  about  15,000  epochs,  such  per¬ 
formance  differences  more  or  less  vanish.  However,  it 
should  be  emphasized  that  the  issue  of  stability  with 
initial  conditions  deserves  attention  when  training  a 
classifier.  Third,  the  choice  of  the  control  par  am  e- 
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ter  for  the  gradient  descent  is  a  crucial  parameter  in 
backpropagation  training.  A  stability  analysis  with 
respect  to  this  parameter  shows  that  both  in-sample 
and  out-of-sample  performance  of  the  classifier  remain 
very  stable  in  the  range  of  0.4  and  0.8,  while  a  small 
change  from  0.4  to  0.2  yields  a  dramatic  loss  in  classi¬ 
fication  accuracy.  The  optimal  learning  rate  in  this 
experiment  was  found  to  be  0.8.  Fourth,  different 
training  and  testing  samples  affect  in-sample  and  out- 
of-sample  performance.  In  one  simulation,  the  perfor¬ 
mance  was  significantly  different  with  a  different  order 
of  training/testing  data. 

Critical  parameters  affecting  performance  of  fuzzy 
ARTMAP  are:  vigilance  (p),  choice  (9),  different  or¬ 
der  of  presentation  of  the  training  set,  and  size  of 
the  training  set.  Increasing  vigilance  creates  more 
ARTa  categories  and  improves  classification  perfor¬ 
mance.  When  />  =:  0,  the  average  in-sample  and  out-of- 
sample  classification  accuracy  is  92%  and  91%  respec¬ 
tively.  When  p  =  0.95,  the  average  in-sample  and  out- 
of-sample  classification  accuracy  is  96.36%  and  95.82% 
respectively.  The  average  number  of  ARTa  categories 
increases  from  37  to  284  (across  5  simulations).  The 
number  of  ARTa  categories  and  training  epochs  in¬ 
creases  with  a.  Different  orders  of  presentation  of  the 
training  set  leads  to  differences  in  performance.  This 
was  evaluated  using  five  different  orders  of  the  train¬ 
ing  set.  Simulation  results  indicate  that  the  the  size 
of  training  set  improves  performance. 

Classification  Results  and  Analysis  of  Perfor¬ 
mance 

The  major  objective  of  this  paper  is  to  evaluate  the 
classification  accuracy  of  the  neural  classifiers,  MLP- 
1,  MLP-2,  RBF  [2]  and  fuzzy  ARTMAP  (FA)  against 
the  benchmark,  maximum  likelihood  (ML).  Table  2 
shows  the  comparison  between  classifiers  in  terms  of: 

(i)  epochs  required  (column  2)  (ii)  number  of  hid¬ 
den  units  in  the  case  of  the  first  three  neural  clas¬ 
sifiers  and  the  number  of  ARTa  categories  (column 
3)  for  the  fuzzy  ARTMAP,  (the  figure  in  the  bracket 
of  this  column  refers  to  the  number  of  connections), 
(hi)  in-sample  (column  4)  and  out-of-sample  (column 
5)  classification  accuracy  and  (iv)  CPU  time  (column 
6;  given  in  seconds).  Note  that  while  attempts  were 
made  to  choose  the  best  MLP’s,  no  similar  attempts 
were  made  in  choosing  parameters  critical  to  RBFs. 
The  RBF  classifier  did  not  train  and  generalize  as  well 
as  the  MLP-networks.  MLP-1  and  MLP-2  generally 
train  and  generalize  at  the  same  rate,  but  MLP-Us 
training  is  faster,  by  about  30%.  The  best  MLP  re¬ 
sults  are  provided  by  MLP-1  classifier  with  14  hidden 
units  and  196  free  parameters,  followed  by  MLP-2,  and 


RBF.  The  overall  results  show  that  fuzzy  ARTMAP 
performs  the  best.  In  terms  of  classification  accuracy, 
both  in-sample  as  well  as  out-of-sample,  it  is  supe¬ 
rior  to  the  other  neural  classifiers  and  the  conventional 
model.  More  significantly,  it  trained  much  faster  than 
the  other  neural  classifiers. 


Type 

Ep. 

#  Hid./ 
Cats. 

Class.  Accuracy 

CPU 

(sec.) 

I-S.% 

O-S.% 

MLPl 

92 

14(196) 

92.13 

89.76 

15.1 

MLP2 

92 

22(338) 

90.91 

90.00 

21.0 

RBF 

92 

22(338) 

90.91 

90.00 

21.0 

FA 

8 

116(812) 

100.00 

99.26 

2.1 

ML 

90.85 

85.24 

1.4 

Table  2:  A  Comparison  Between  Classifiers 


In  addition,  the  error  matrices  for  in-sample  and 
out-of-sample  performance  of  the  various  classifiers 
highlight  that  neural  classifiers,  in  general,  outperform 
the  conventional  classifier  and  fuzzy  ARTMAP  gives 
the  best  performance  amongst  the  neural  classifiers. 
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Abstract  —  Recent  advances  in  sensor  technology  have 
increased  the  spectral  resolution  of  remote  sensing  data 
significantly.  Higher  spectral  resolution  for  each  pixel  should 
make  possible  the  discrimination  of  a  larger  number  of  classes 
in  more  detail.  However,  due  to  the  scarcity  of  training 
samples  in  remote  sensing  applications,  the  increase  in 
spectral  dimensionality  only  complicates  the  design  of 
classifiers  which,  if  not  properly  done,  may  cause  the 
deterioration  of  classification  accuracy.  In  this  work,  we 
propose  a  new  design  procedure  for  a  hybrid  decision  tree 
classifier  which  improves  the  classification  efficiency  and 
accuracy  for  classifying  high-dimensional  data  with  a  small 
training  sample  size.  We  further  propose  to  use  a  feature 
extraction  technique  based  on  maximizing  the  statistical 
distance  between  two  subgroups.  Experimental  results  show 
that  the  proposed  tree  classifier  is  more  effective  in 
classifying  high-dimensional  data  with  limited  training 
samples  than  a  single-layer  classifier  and  a  previously 
proposed  hybrid  tree  classifier. 

INTRODUCTION 

Remote  sensing  technology  has  provided  a  relatively  cheap 
and  effective  means  to  measure  the  radiation  reflected  from 
the  earth's  surface.  In  recent  years,  sensors  have  been 
developed  to  gather  data  in  hundreds  of  spectral  bands.  For 
example,  the  Airborne  Visible/Infrared  Imaging  Spectrometer 
(AVIRIS)  collects  data  in  224  spectral  bands  covering  0.4-2.5 
|im  wavelength  region  with  20  m  spatial  resolution.  By 
representing  the  spectrum  of  a  pixel  in  an  image  as  a  random 
process,  statistical  pattern  recognition  methods  have  been 
successfully  applied  to  process  multispectral  data.  Supervised 
classification  methods  typically  assume  that  the  parameters  of 
the  underlying  data  distribution  can  be  approximated  by  the 
training  samples.  The  availability  of  a  large  number  of 
spectral  bands  should  allow  more  detailed  classes  to  be 
identified  with  higher  accuracy.  However,  a  large  number  of 
features  produces  large  variances  in  the  parameter  estimates. 
Typically,  the  performance  of  the  classifier  improves  up  to  a 
certain  point  as  additional  features  are  added,  and  then 
deteriorates.  This  is  referred  to  as  the  Hughes  phenomenon[l]. 
Another  immediate  complication  of  high  dimensionality  is 
that  the  computation  time  may  become  large.  Therefore,  high 
dimensionality  can  become  a  liability  rather  than  an  asset  for  a 
conventional  one-stage  classifier.  In  this  work,  we  propose  a 
new  procedure  for  designing  a  parametric,  hybrid  decision 
tree  that  would  circumvent  these  dimensionality  problems  The 
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organization  of  this  paper  is  as  follows:  the  following  section 
describes  the  decision  tree  classifier  (DTC)  and  our  proposed 
classifier,  followed  by  a  discussion  on  feature  reduction, 
experimental  results  and  conclusions. 

DESIGN  OF  DECISION  TREE  CLASSIFIERS 

The  decision  tree  classifier  (DTC)  has  been  used  for 
classification  and  other  purposes  since  the  1960’s  [2].  In 
principle,  it  divides  a  complex  decision  into  several  simpler 
ones  in  a  hierarchical  fashion.  The  hierarchical  structure  of 
decision  tree  classifiers  has  several  desirable  properties:  1) 
The  classification  process  can  be  done  in  0(log(N))  instead  of 
0(N)  where  N  is  the  number  of  classes;  2)  A  tree  classifier  is 
more  flexible  than  a  single-stage  one  in  that  the  nodes  can 
have  different  decision  rules  and  different  features.  In  single- 
stage  classifiers,  a  subset  of  features  and  the  decision  rule  are 
selected  by  optimizing  a  global  criterion  and  are  used  to 
discriminate  among  all  classes.  In  contrast,  a  tree  classifier 
offers  the  flexibility  to  select  different  features  and  a  unique 
decision  rule  for  each  node;  3)  A  tree  classifier  may 
circumvent  the  effects  due  to  small  training  sample  size  by 
focusing  on  fewer  classes  and  using  fewer  features  at  each 
node.  In  particular,  there  are  fewer  nodes  near  the  root  of  the 
tree  and  consequently  more  training  samples  are  available  per 
node.  The  tradeoff  for  these  benefits  is  a  more  complex  design 
process. 

We  propose  to  use  the  hybrid  approach  to  construct  the 
DTC.  The  hybrid  method  combines  both  top-down  and 
bottom-up  approaches.  The  bottom-up  approach[3]  typically 
computes  the  statistical  distance  between  each  pair  of  classes. 
At  each  node  the  two  classes  with  the  smallest  distance  are 
merged  to  form  a  new  group.  The  mean  vector  and  covariance 
matrix  for  the  new  group  are  computed  from  the  training 
samples  in  that  group,  and  the  merging  process  is  repeated 
until  two  groups  are  left  to  form  two  cluster  centers.  We 
propose  a  new  bottom-up  method  with  fewer  computations 
and  better  classification  performance.  We  first  compute  the 
pairwise  distance  between  pre-defined  classes.  At  each  node, 
instead  of  repeatedly  merging  classes  and  subgroups  with  the 
smaller  distance  until  two  groups  emerge,  we  select  two 
classes  with  the  largest  separation  as  two  cluster  centers  and 
merge  the  rest  of  classes  into  the  clusters  based  on  their 
statistical  “closeness”  to  the  cluster  centers.  This  approach  has 
the  benefit  of  computing  the  pairwise  distances  only  once  and 
hence  reducing  computational  time. 
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The  top-down  design  consists  of  the  following  tasks;  1) 
selection  of  a  node  decision  rule;  2)  termination  rule;  3) 
decision  tree  structure;  and  4)  feature  reduction.  These 
different  aspects  of  a  tree  classifier  should  be  considered 
simultaneously  for  an  optimal  design.  Unfortunately,  this 
problem  of  optimization  is  non-trivial.  To  simplify  the  design 
problem,  we  adopt  a  binary  structure.  The  termination  rule  is 
simply  the  majority  rule,  i.e.  the  class  label  in  the  terminal 
node  is  assigned  to  the  class  with  the  most  training  samples  at 
that  node.  Furthermore,  the  classes  and  subclasses  are 
assumed  to  be  normally  distributed.  Therefore,  the  decision 
rule  for  node  splitting  is  a  maximum-likelihood  classification 
of  Gaussian  classes  and  subclasses.  The  proposed  DTC  design 
algorithm  is  summarized  as  follows: 

Bottom-up  approach: 

(1)  Compute  the  statistical  separability  between  each  class 
pair.  When  the  number  of  training  samples  is  less  than  a 
threshold,  the  Euclidean  distance  is  computed.  Otherwise, 
the  Bhattacharyya  distance  is  computed  instead.  The 
threshold  is  chosen  as  (2n+l)  where  n  is  the  number  of 
training  samples. 

(2)  Select  two  classes  with  the  largest  separation  as  two 
cluster  centers. 

(3)  Merge  the  remaining  classes  with  the  one  of  two  clusters 

whichever  has  the  smaller  distance. 

Hybrid  design: 

(1)  Use  the  bottom-up  approach  to  divide  the  data  set  into  two 

subgroups. 

(2)  Compute  the  mean  vectors  and  covariance  matrices  of  the 

two  subgroups  and  redivide  the  samples  into  two  nodes 
using  the  decision  rule.  In  a  two  class  Gaussian  maximum 
likelihood  classification,  the  decision  rule  is  given  by  the 
following: 

J.  j  +  [  i- rii  or 

xeriL  if  if  (1) 

where  x  is  the  data  sample  of  N  dimensions 
M,  is  the  sample  mean  of  node  i 

Xy  is  the  sample  covariance  of  node  i 

and  represent  left  and  right  node,  respectively. 

(3)  When  the  majority  of  the  samples  in  the  separated  group 

consist  of  one  class,  the  design  is  complete.  Otherwise, 
return  to  step  1  for  each  subgroup. 

FEATURE  REDUCTION 

The  benefits  of  performing  feature  reduction  for  remote 
sensing  applications  are  twofold:  1)  to  circumvent  the  Hughes 
phenomenon  and  2)  to  reduce  the  amount  of  computation 
required  for  classification.  Feature  reduction  methods  can  be 


roughly  divided  into  two  categories:  feature  selection  and 
feature  extraction.  In  feature  selection,  features  that  do  not 
contribute  to  the  discrimination  of  classes  can  be  eliminated 
by  evaluating  some  criteria  before  and  after  the  removal. 
Feature  extraction  involves  the  transformation  of  data  into  a 
new  set  of  coordinates  where  the  least  effective  features  are 
more  obvious.  The  transformation  is  usually  linear  and  based 
on  the  optimization  of  some  criteria.  In  this  work,  we  only 
consider  feature  extraction  techniques.  This  section  describes 
two  feature  extraction  algorithms  and  discusses  their  relative 
strengths  and  weaknesses  when  applied  to  a  binary  tree 
classifier.  The  following  discussion  uses  the  decision  rule  as 
in  (1). 

Canonical  or  discriminant  analysis  [4]  extracts  features  that 
maximize  the  ratio  of  the  between-class  scatter  matrix  to  the 
within-class  scatter  matrix.  Although  this  method  performs 
well  for  most  cases,  there  are  several  drawbacks.  First,  the 
approach  delivers  features  only  up  to  the  number  of  classes  L 
minus  one.  For  a  binary  tree  classifier,  it  means  there  is  only 
one  feature  extracted  at  each  node.  One  feature  may  not  be 
optimal  to  discriminate  between  classes  with  a  complex 
decision  boundary.  Second,  if  the  mean  values  are  similar  or 
the  same,  the  extracted  feature  vectors  are  not  reliable. 
Furthermore,  for  multiple  classes,  if  a  class  has  a  mean  vector 
very  different  from  the  other  classes,  the  between-class  scatter 
matrix  is  biased  towards  that  class,  resulting  in  ineffective 
features. 

The  Bhattacharyya  distance  is  a  convenient  measure  of 
class  separability  for  two  classes.  Furthermore,  it  gives  an 
upper  bound  of  Bayes  error  for  normal  distributions  [4].  The 
Bhattacharyya  distance  is  given  as 

We  can  extract  features  that  maximize  the  Bhattacharyya 
distance  between  two  classes.  However,  the  optimization  of 
[i{l/2)  is  non-trivial.  so  we  perform  a  suboptimal  procedure  to 
find  the  effective  features[4].  The  method  proceeds  as 
follows: 

(1)  Compute  the  eigenvalues  and  orthonormal 

eigenvectors  (|),-  of  where 

E  =  (X;  +X2)/2.  Since  the  rank  of  the  matrix  is  one,  only 
the  first  eigenvalue  X j  is  non-zero.  The  class  separability 
due  to  the  mean  difference  is  then  preserved  by  the 
transformation  <t)fx. 

(2)  Perform  the  transformation  y  =  [(|)2  -*<l>v]^-^  by  which  x  is 

mapped  to  the  (N-1)  dimensional  subspace  where  there  is 
no  information  due  to  mean  difference.  Let 
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(3)  Extract  (M-1)  features,  ^  =  ,  by  optimizing 

the  second  term  of  |x(i/2)  on  y.  These  features  preserve 
the  information  due  to  covariance  difference.  The  overall 
transformation  is  then  given  by 

(3) 

Step  1  is  equivalent  to  discriminant  analysis  when  the  prior 
probabilities  are  assumed  equal.  In  Step  2  and  3,  features  that 
contribute  to  the  covariance  difference  are  further  extracted. 
Therefore,  this  method  has  an  advantage  of  generating  more 
than  one  feature  at  each  node  of  a  binary  tree  compared  to  the 
discriminant  analysis  approach.  In  addition,  the  Bhattacharyya 
distance  is  an  optimal  criterion  for  two  normal  classes  and  the 
node  splitting  of  a  binary  tree  is  assumed  to  involve  two 
normal  classes.  In  contrast,  when  the  Bhattacharrya  distance  is 
used  for  feature  reduction  for  more  than  two  classes  in  one- 
stage  classifiers,  the  minimum  or  average  pairwise  distance 
between  all  class  combinations  is  usually  used  as  the  sub- 
optimal  criterion  for  optimization.  For  a  binary  tree  classifier, 
this  subop timal  choice  of  criterion  can  be  avoided. 

EXPERIMENTAL  RESULTS 

In  the  following  experiment  we  compare  the  performances 
of  the  proposed  algorithm  (New),  decision  tree  algorithm  in 
[3]  (Prev),  and  the  single-stage  maximum  likelihood  classifier 
(ML).  The  data  set  consists  of  a  portion  of  an  AVIRIS  data 
taken  in  June,  1992,  which  covers  a  mixture  of 
agricultural/forestry  land  in  the  Indian  Pine  Test  Site  in 
Indiana.  The  water  absorption  bands  were  removed  to  leave  a 
total  of  196  bands  for  the  experiment.  The  test  samples  are 
composed  of  6  classes.  The  classes  and  the  number  of  labeled 
samples  are  shown  in  Table  1. 


Table  1  Class  description  of  the  data  set 


n  Class  No.  IlClass  Name  | 

1  No.  of  Samples 

1 

Com-notill 

628 

2 

Corn-min 

692 

3 

Grass/trees 

609 

4 

Soybeans-notill 

724 

5 

Soybeans-min 

688 

6 

Woods 

605 

In  the  experiment,  the  training  samples  are  randomly 
selected  from  the  sample  pool,  and  the  rest  of  samples  are 
used  for  testing.  We  perform  10  trials  for  each  experiment  and 
obtain  the  mean  and  standard  deviation  of  the  classification 
accuracy.  For  the  single  stage  classifier,  we  use  discriminant 
analysis  feature  extraction  to  extract  5  features  for  the  6 
classes.  For  the  binary  trees,  we  use  Bhattacharyya  distance 
feature  extraction  to  select  50  features  at  each  node.  The 
results  are  shown  in  Table  2.  Fig.  1  illustrates  the  average 
accuracy  of  the  classifiers. 


Table  2  Classification  results 


No.  of  training 
samples 

ML% 

(std  dev) 

Prev  % 
(std  dev) 

New  % 

(std  dev)  1 

200 

85.2  (0,03) 

88.2  (0.03) 

300 

87.4  (0.02) 

400 

89.2  (0.02) 

89.9  (0.02)  1 

Figure  1  Classification  results 
CONCLUSION 

Our  goal  in  this  research  is  to  circumvent  the  classification 
problems  incurred  by  an  increase  in  the  number  of  features 
while  the  training  samples  remain  limited.  The  problems  are 
namely  the  increase  in  computation  time  and  decline  in 
performance.  We  have  proposed  a  new  decision  tree 
algorithm  and  incorporated  a  feature  extraction  algorithm 
suitable  for  a  binary  tree.  The  experimental  results  have 
shown  that  the  proposed  algorithm  performs  best  under  the 
small  training  sample  size  situation  using  the  feature 
extraction  method  based  on  maximizing  the  Bhattacharyya 
distance  at  each  node. 

REFERENCES 

[1]  G.F.  Hughes,  "On  the  mean  accuracy  of  statistical  pattern 
recognizers,"  IEEE  Trans.  Inform.  Theory,,  Vol  IT- 14,  pp. 
55-63,  1968. 

[2]  S.R.  Safavian  and  D.A.  Landgrebe,  "A  survey  of  decision 
tree  classifier  methodology",  IEEE  Trans,  on  Systems, 

Man  and  Cybernetics,  vol.  21,  No.  3,  pp.  660-674, 
May/June  1991. 

[3]  B.  Kim  and  D.A.  Landgrebe,  "Hierarchical  decision  tree 
classifiers  in  high-dimensional,  numerous  class  cases,” 
IEEE  Trans.  Geoscience  and  Remote  Sensing,  vol.  29,  No 
4,  pp.  518-528,  July  1991. 

[4]  K.  Fukunaga,  Introduction  to  Statistical  Pattern 
Recognition,  2nd  ed.,  Academic  Press,  New  York,  1990. 


792 


Classification  Accuracy  Improvement  and  Delineation  of  Mixed  Pixels  Using  Hierarchical 

Image  Classification 


Jayantha  Ediriwickrema,  Computer  Graphics  Center,  P.  O,  Box  7106,  NCSU,  Raleigh,  NC  27695 


Siamak  Khorram,  Professor  and  Director,  Computer  Graphics  Center,  P.  O.  Box  7106,  NCSU, 
Raleigh,  NC  27695,  and  Dean  of  International  Space  University,  Parc  d'Innovation,  Communaute 
Urbaine  de  Strasbourg,  Blvd.  Gonthier  d'  Andernach,  67400  Ilkirch,  France 


Abstract  -  Among  the  supervised  parametric  classification 
methods,  the  maximum  likelihood  (MLH)  classifier  has 
become  popular  in  remote  sensing.  Reliable  prior 
probabilities  (PPs)  are  not  always  freely  available,  and  it  is  a 
common  practice  to  perform  the  MLH  classification  with 
equal  PPs.  When  equal  PPs  are  used,  the  advantages  of  the 
MLH  classification  may  not  be  attained.  This  study  explores 
a  hierarchical  image  classification  (HIC)  method  to  estimate 
PPs  for  the  spectral  classes  using  Landsat  Thematic  Mapper 
(TM)  data  and  spectral  class  signatures.  The  TM  pixels  are 
visualized  in  spectral  space  relative  to  the  spectral  class 
probability  surfaces.  Prior  probabilities  are  estimated  from  the 
pixels  which  fall  within  spectral  class  probability  regions. 
The  pixels  likely  to  be  misclassified  are  classified  with  the 
MLH  classification  with  the  estimated  PPs.  Besides  the 
classified  image,  the  HIC  delineates  mixed  pixels  and  their 
land  use/land  cover  class  components  at  the  specified 
significance  level.  The  classified  image  resulting  from  the 
HIC  shows  increased  accuracy  over  three  classification 
methods.  Delineated  mixed  pixels  and  their  class  components 
show  visual  agreement  to  the  false  color  composites  and 
aerial  photographs. 

INTRODUCTION 

The  maximum  likelihood  (MLH)  classification  has  become 
the  most  widely  used  method  in  digital  image  processing  of 
remotely  sensed  data.  The  algorithm  was  developed  in  terms 
of  prior  probabilities  (PPs),  and  its  potential  was  not 
optimum  when  PPs  are  assumed  equal  [1].  Because  PPs  often 
unavailable,  equal  PPs  are  approximated.  It  is  desirable  to 
obtain  reliable  PPs  for  each  spectral  class  and  use  them  at 
least  to  classify  the  pixels  likely  to  be  misclassified.  Robust 
approaches  are  necessary  to  determine  PPs  within  the  same 
time  frame  and  to  the  spectral  classes  selected.  In  this  study, 
the  hierarchical  image  classification  (HIC)  visualized  the 
Thematic  Mapper  (TM)  pixels  in  spectral  space  relative  to  the 
spectral  class  probability  regions  at  a  specified  significance 
level.  When  the  distribution  of  a  spectral  class  was  assumed 
to  be  multivariate  normal,  a  quadratic  equation  with  a 
constant  equal  to  value  was  commonly  used  to  delineate 
the  constant  probability  contours  [2].  The  pixels  which  fell 
within  spectral  class  probability  regions  were  used  to  estimate 
PPs,  and  were  grouped  as  the  pixels  most  likely  to  be 
correctly  classified  and  allocated  directly  to  the  respective 
0-7803-3068-4/96$5.00©1996  IEEE 


spectral  class.  The  pixels  which  fell  within  more  than  one 
probability  region  and  outside  all  probability  regions  were 
categorized  as  the  pixels  likely  to  be  misclassified.  The  pixels 
likely  to  be  misclassified  were  classified  by  the  MLH 
classification  with  the  PPs  estimated  from  the  pixels  most 
likely  to  be  correctly  classified.  Visualization  of  pixels 
relative  to  all  spectral  class  probability  surfaces  suggest 
spectral  classes  that  have  a  chance  of  being  assigned  for  each 
pixel.  Along  with  the  improved  classified  image,  this  study 
identified  mixed  pixels  and  their  mixed  class  components. 

METHODOLOGY 

Study  Area 

The  north-west  of  the  Greater  Nashville,  Tennessee 
metropolitan  area  was  selected  as  the  study  area.  This  area 
encompasses  a  wide  variety  of  land  use/land  cover  (LU/LC) 
patterns  with  different  levels  of  frequency  of  land  cover 
variations.  Mixed  pixels  can  be  anticipated  due  to 
heterogeneous  and  frequent  changes  in  LU/LC  patterns.  High 
frequency  LU/LC  patterns  provide  a  fairly  good  background  to 
evaluate  pixels  likely  to  be  misclassified. 

Data 

Sub  image  of  256  columns  and  256  rows  was  selected  from 
the  rectified  six-bands  TM  data  set  which  was  used  in  [3]. 
Aerial  photographs  and  the  false  color  composite  of  the  TM 
data  were  used  to  select  homogeneous  training  sites  and  assess 
accuracies. 

Hierarchical  Image  Classification 

The  classification  scheme  included  five  LU/LC  classes  (i) 
Hai'dwood  Forests  (ii)  Conifer-Mixed  Conifer/Hardwood 
Forests  (iii)  Non-Forested  Vegetation  (iv)  Developed,  and  (v) 
Water.  A  detailed  description  of  the  classification  scheme  can 
be  found  in  [3].  Initially  113  training  sites  were  selected  from 
fairly  homogeneous  areas  representing  the  five  LU/LC 
classes.  It  is  important  to  select  training  sites  to  minimize 
spectral  overlap  while  covering  the  entire  spectral  gradient  of 
the  TM  data  [4].  Training  sites  which  showed  spectral 
confusion  were  gradually  removed  from  the  signature  file  and 
the  final  signature  file  was  developed  with  59  training  sites. 
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These  59  signatures  were  used  to  classify  the  TM  data  by  HIC 
based  on  spectral  class  probability  regions  at  a  five  percent 
significance  level  of  ^  with  six  degrees  of  freedom. 

Estimation  of  Prior  Probabilities:  In  the  HIC,  the  spectral 
class  probability  regions  were  defined  to  meet  the  five  percent 
significance  level  of  with  six  degrees  of  freedom.  When  the 
measurement  vector  "y"  (the  pixel  coordinates  in  p- 
dimensional  spectral  space)  is  distributed  as  X)  with  1X1 
>  0,  then  the  probability  of  "y"  being  in  the  solid  ellipsoid  is 
l-a(l). 

(1) 

where  Xp(oc)  =  X^  distribution  with  "p"  degrees  of 

freedom  at  a  significance  level.  All  probability  regions  were 
specified  at  one  probability  density  level.  At  the  specified 
significance  level,  it  was  possible  to  overlap  probability 
regions.  Since  the  training  sites  represented  different  spectral 
classes  with  narrow  spectral  variances,  the  Gaussian 
assumption  for  the  spectral  class  distributions  may  be 
considered  as  valid.  Therefore,  relative  to  the  pixels  which  fell 
within  all  probability  regions,  the  fraction  of  pixels  which 
fell  within  each  probability  region  was  considered  as  a  good 
estimate  for  the  PP  for  each  spectral  class. 

Classification  of  the  Pixels  Likely  to  be  Misclassified:  The 
HIC  categorized  the  TM  pixels  into  two  groups.  The  pixels 
which  fell  within  only  one  probability  region  were  grouped  as 
the  pixels  most  likely  to  be  correctly  classified.  These  pixels 
were  directly  classified  into  the  corresponding  spectral  classes. 
The  pixels  which  fell  within  more  than  one  probability 
region  or  outside  all  probability  regions  were  grouped  as  the 
pixels  likely  to  be  misclassified.  The  MLH  algorithm  (2) 
with  the  estimated  PPs  was  used  to  classify  the  pixels  likely 
to  be  misclassified.  The  negative  log  likelihood  function  was 
defined  to  derive  positive  weighted  distances. 

L  =  -In(co,.)  +  0.5{ln(li:^  l)  +  Cy (2) 

where  L  =  weighted  distance,  0)^  ==  PP  spectral  class  “c," 
=  the  mean  vector  of  spectral  class  "c,"  and  X^  =  the 
variance-covariance  matrix  of  spectral  class  *'c."  In  this 
equation  class  "c"  was  chosen  for  the  pixel  where  the  "L"  was 
lowest.  Weighted  distance  "L"  was  computed  for  each  pixel 
taking  each  spectral  class  separately. 

Output  Image  Files:  Three  image  files,  (i)  the  classified 
image,  (ii)  the  summary  image,  and  (iii)  the  distance  image 
[4]  were  produced  by  the  HIC,  and  all  input  and  output  data 
files  were  in  Hierarchical  File  Architecture  (HFA)  [5]. 

Cross  Validation 

To  evaluate  the  performance  of  the  classified  image 
produced  by  the  HIC,  three  classified  images  were  developed: 


(i)  MLH  with  equal  PPs,  (ii)  MLH  classification  with  PPs 
estimated  from  the  classified  image  in  the  previous  one,  and 
(iii)  MLH  classification  with  PPs  estimated  from  the 
threshold  image. 

MLH  with  Equal  PPs:  The  primary  object  of  this  study 
was  to  evaluate  the  performance  of  the  HIC  over  the  MLH 
classification  with  equal  PPs.  The  MLH  procedure  was  used 
along  with  59  training  signatures  to  classify  the  TM  data.  A 
distance  file  was  also  developed  with  the  classified  image  to 
create  a  threshold  image. 

MLH  with  Estimated  PPs  from  the  Classified  Image:  The 
original  TM  image  was  classified  again  with  PPs  which  were 
estimated  from  the  image  that  was  classified  with  equal  PPs. 
The  frequency  of  the  assigned  pixels  in  each  spectral  class  was 
used  as  the  PP  of  the  respective  spectral  class. 

MLH  with  Estimated  PPs  from  Threshold  Image:  The 
threshold  image  was  developed  from  the  distance  image.  A 
five  percent  significant  level  of  x^  with  six  degrees  of  freedom 
was  used  in  developing  the  threshold  image.  The  fraction  of 
pixels  classified  into  each  spectral  class  in  the  threshold 
image  was  used  as  the  estimated  PP.  These  estimated  PPs 
were  used  to  reclassify  the  original  TM  image  using  the  MLH 
classifier. 

Delineation  of  Mixed  Pixels  and  their  Components 

The  summary  image  file  was  used  to  delineate  mixed  pixels 
and  their  components  for  the  pixels  which  fell  within  more 
than  one  spectral  class  probability  region.  For  the  pixels 
which  fell  outside  all  probability  regions,  both  the  summary 
and  the  distance  image  files  were  used.  A  threshold  value  was 
derived  from  the  sum  of  the  lowest  weighted  distance  and  the 
maximum  weighted  distance  of  the  corresponding  probability 
region.  The  spectral  classes,  whose  weighted  distances  were 
less  than  the  threshold  values,  were  used  as  those  spectral 
classes  likely  to  be  assigned  for  each  pixel.  Quantitative 
analysis  of  the  mixed  LU/LC  class  components  requires  large 
scale  highly  detailed  maps.  Therefore,  the  patterns  and  the 
distributions  of  the  mixed  pixels  and  their  components  were 
visually  compared  instead  of  performing  quantitative  analysis. 

Accuracy  Assessment 

The  HIC  was  designed  to  improve  classification  accuracies 
for  the  pixels  likely  to  be  misclassified,  and  it  was 
appropriate  to  analyze  such  pixels  in  the  validation.  If  there 
was  any  improvement  of  the  HIC  over  the  MLH  with  equal 
PPs,  the  improvement  should  have  been  from  the  pixels 
classified  differently  in  both  images.  Therefore,  the  pixels 
classified  differently  in  both  images  (the  HIC  and  the  MLH 
with  equal  PPs)  were  extracted,  and  from  them  423  (an 
arbitrary  number)  pixels  were  randomly  selected  for  accuracy 
assessment.  The  selected  pixels  were  located  on  both  false 
color  composite  and  the  aerial  photographs,  and  a  separate 
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raster  file  was  developed  as  the  reference  class  image.  The  423 
selected  pixels  were  assigned  the  corresponding  LU/LC 
numbers,  and  the  remaining  pixels  were  assigned  zero.  Using 
the  "summary"  procedure  in  the  ERDAS/IMAGINE, 
omission  and  commission  error  matrices  were  developed  [4]. 
Kappa  coefficients  (KCs)  were  calculated  to  evaluate  the  HIC 
over  the  three  classification  methods.  The  accuracies 
calculated  in  this  study  were  based  totally  on  the  pixels  likely 
to  be  misclassified.  Therefore,  the  accuracies  describe  the 
standards  of  the  classified  images  relative  to  the  pixels  likely 
to  be  misclassified  and  not  relative  to  the  entire  image.  The 
KC  statistic  is  generally  used  in  comparing  different  error 
matrices  and  was  used  in  this  study  to  compare  the 
classification  methods. 

RESULTS 

Overall,  four  different  classified  images  were  produced  in 
this  study:  (Method-a)  Standard  MLH  classification  with  equal 
PPs,  (Method-b)  MLH  with  PPs  estimated  from  the  classified 
image  with  equal  PPs,  (Method-c)  MLH  with  PPs  estimated 
from  the  threshold  map,  and  (Method-d)  HIC.  Even  though 
different  approaches  were  used,  all  images  looked  similar  at  a 
glance  [4].  When  the  images  were  carefully  examined, 
differently  classified  pixels  were  mostly  found  around  the 
LU/LC  class  boundaries  as  expected. 

Assessment  of  the  HIC 

The  KCs  and  the  overall  accuracies  (OAs)  are  shown  in 
Table  1.  Both  OA  and  the  KC  were  found  to  be  lowest  in  the 
MLH  classification  with  equal  PPs.  The  KC  and  the  OA  were 
generally  high  in  all  methods  when  PPs  were  used.  Out  of  the 
classifications  with  unequal  PPs,  the  lowest  KC  and  OA  were 
shown  by  the  method  which  estimated  PPs  from  the  classified 
image  with  equal  PPs.  The  KC  and  the  OA  were  increased 
when  PPs  were  estimated  from  the  threshold  image.  The  HIC 
showed  the  highest  KC  and  the  OA.  The  increase  of  the  KC 
and  the  OA  in  HIC  was  30%  relative  to  the  standard  MLH 
classification  with  equal  PPs.  The  accuracy  increase  was 
around  four  percent  in  the  HIC  relative  to  the  method  which 
used  the  threshold  image  in  three  passes. 

Mixed  Pixels  and  their  Components 

The  image  of  the  distribution  of  mixed  pixels  at  the  specified 
significance  level  is  shown  in  [4].  This  image  was  developed 
from  the  summary  and  the  distance  image  files  which  resulted 
in  the  HIC  and  summarizes  the  number  of  pixels  in  each 
mixed  pixel  category.  More  than  half  of  the  pixels  (52.72%) 
were  found  to  be  pure  pixels.  Pixels  with  two  and  three 
LU/LC  components  were  found  to  be  34.09%  and  6.76%. 
Mixed  pixels  with  more  than  two  components  were  8.18%. 
Hardwood  Forests  in  valleys  often  resulted  in  two  component 


Table  1.  Kappa  coefficients  and  overall  accuracies. 


Method-a 

Method-b 

Method-c 

Method-d 

KC 

0.24 

0.39 

0.50 

0.54 

OA 

43.74 

60.76 

68.32 

72.10 

mixed  pixels.  Mixed  pixels  with  more  than  three  components 
were  often  found  in  sparsely  distributed  Conifer-Mixed 
Conifer/Hardwood  Forests  and  on  the  shaded  lower  slopes  of 
mountains. 

CONCLUSION 

The  proposed  HIC  method  is  effective  and  easy  to 
implement.  The  estimated  PPs  in  the  HIC  method  are  closer 
to  the  classification  model  than  the  estimated  PPs  in  the 
classified  image  with  equal  PPs  or  the  threshold  image.  The 
estimated  PPs  in  the  HIC  possess  a  significant  amount  of 
information  capable  of  improving  the  classification  accuracy 
over  the  MLH  classification  with  equal  PPs.  Furthermore,  the 
method  enhances  the  value  of  the  classified  image  by 
indicating  the  most  likely  LU/LC  class  components  for  each 
pixel  while  providing  a  favorable  base  to  analyze  mixed 
pixels, 
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Abstract  -  The  ability  of  interferometric  SAR  (InSAR) 
to  provide  terrain  height  estimation  can  be  interpreted  as 
being  due  to  the  baseline  (of  the  two  SAR  imaging  flight 
paths)  acting  as  an  aperture  in  the  normal-to-slant-range 
(n)  direction.  However,  the  aperture,  because  it  consists 
of  only  two  nodes,  has  effectively  no  resolving  power.  In 
this  paper  we  introduce  and  examine  a  technique  which 
synthesises  an  >  2  node  aperture  in  the  n  direction 
from  N  —  1  connected  baselines.  This,  together  with  the 
slant-range  and  azimuth  resolving  capability  of  SAR  ima¬ 
ging  systems,  enables  the  generation  of  high  resolution  3-D 
imagery.  A  theoretical  analysis  and  procedural  outline  of 
the  proposed  technique  are  presented. 

INTRODUCTION 

Synthetic  aperture  radar  (SAR)  systems  provide  high 
resolution  terrain  imagery  in  the  slant  range  5  and  azimuth 
a  directions.  The  resolution  in  the  a  direction  is  achieved 
through  the  synthesis  of  an  extended  aperture  in  that 
direction.  Interferometric  SAR  (InSAR)  is  a  technique 
which  uses  two  SAR  imaging  flight  paths  to  provide  ter¬ 
rain  measurements  in  the  third  —  normal-to-slant  range 
n  —  dimension.  This  ability  can  be  interpreted  as  be¬ 
ing  due  to  the  flight  path  pair  synthesizing  an  aperture 
in  the  n  direction.  The  synthesised  aperture,  however, 
contains  only  two  nodes  or  sample  points.  This  results 
in  the  beam-pattern,  produced  by  the  synthesised  ft  aper¬ 
ture,  being  sinusoidal.  As  a  result,  InSAR  provides  only 
a  measurement  capability,  rather  than  a  resolving  capab¬ 
ility,  in  the  n  direction. 

In  this  paper  we  propose  and  examine  an  extension  of 
standard  single-baseline  InSAR  which  provides  resolution 
in  the  ft  direction.  The  technique  involves  filling  the  2- 
node  aperture  with  additional  flight  paths  —  Figure  1. 
The  N  >  2  node  synthesised  aperture  leads  to  a  focussed 
beam-pattern  and,  consequently,  resolution  in  the  n  direc¬ 
tion  —  Figure  2.  The  use  of  >  2  flight  paths  also  leads 
to  the  ability  of  increasing  the  length  Bn  of  the  ft  aperture 
beyond  Bcrit  —  the  critical  value  in  single- baseline  InSAR 
above  which  the  two  SAR  images  become  decorrelated. 
The  ability  to  generate  high  resolution  3-dimensional  im¬ 
ages  is  the  result. 

The  paper  is  set  out  as  follows.  Section  2  provides  a 
brief  theoretical  treatment  of  the  multi-baseline  InSAR 
technique  —  including  achievable  ft  resolution,  improve¬ 
ments  in  ground  range  resolution  and  conditions  to  avoid 
aperture  sampling  imaging  ambiguities.  Section  3  presents 
a  procedure  for  synthesising  the  n  aperture  and,  sub¬ 
sequently,  to  generate  3-D  imagery. 

THEORY  —  MULTI-BASELINE  INSAR 

We  begin  by  considering  standard  single-baseline  In¬ 
SAR.  Consider  two  single  look  complex  (SLC)  SAR  im- 
0-7803-3068-4/96$5.00©1996  IEEE 
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Figure  1:  The  proposed  configuration  for  multi-baseline 
InSAR  -  AT  >  2  flight  paths  imaging  the  same  terrain. 


age  data  sets  of  the  same  terrain  acquired  from  separate 
satellite  passes.  Assume  the  data  sets  are  co-registered 
so  that  a  point  on  the  terrain  corresponds  to  the  same 
pixel  coordinates  (A;,/)  in  both  data  sets.  Let  = 

<l>i{kjl)  —  4>2{kil)  be  the  corresponding  phase  difference 
image.  Consider  two  nearby  pixels  (A,  /),  {k  +  Sk^l  +  SI) 
of  the  SLC-SAR  data  sets.  For  sufficiently  small  Sk^ 
the  change  in  phase  difference  between  these  two  pixels: 
A0(/:,  1)  —  <j)[k^  /)  — ^(A;  + J/t,  /  +  ^/)  is  related  to  the  change 
in  terrain  normal-to-slant-range  An{kJ)  =  n{kyl)~n{k-\- 
SkJ-\-Sl)  by  [1]:  A4>{kj  1)  =  47rB„An(^,  l)/{sX)  where  s  = 
slant  range,  A  “  radar  wavelength  and  Bn  ~  component 
of  baseline  in  direction  ft. 

This  capability  of  single-baseline  InSAR  to  measure  dif¬ 
ferences  in  the  normal-to-slant  range  direction  ft  can  be 
extended  to  a  resolving  capability  in  ft  by  using  additional 
flight  paths  to  synthesise  an  A7  >  2  node  n  aperture. 
The  approximate  ft  resolution  element  size  is  given  by: 

,  where  Bn^N  is  the  length  of  the  ft  synthesised 

aperture  formed  from  the  N  —  1  connected  baselines. 

In  single-baseline  InSAR  the  value  of  Bn  must  not  ex¬ 
ceed  the  following  critical  value: 


D  Xs{k,l)tan{e{k,l) -■d{k,l)) 

Jjn  iJcTit  —  „  I 

^Ps 


where  ps  —  slant  range  resolution,  9  —  radar  incident 
angle,  'd  ~  angular  slope  of  the  terrain  above  the  ho¬ 
rizontal.  This  condition  is  due  to  the  two  SAR  images 
becoming  essentially  decorrelated  [2],  [3]  and  hence  un¬ 
suitable  for  InSAR,  when  Bn  exceeds  Bcrit ^  By  using 
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Figure  2:  The  beam-pattern  in  5  — n  plane  synthesised  by 
the  set  of  N  flight  paths. 


large  grating-lobes,  as  indicated  in  the  far  right  of  Fig¬ 
ure  2.  Such  grating  lobes  can  lead  to  spatial  aliasing  or 
imaging  ambiguities.  The  occurrence  of  these  ambiguities 
depends  on  (i)  the  angular  separation  of  the  grating-lobes 
from  the  main-lobe  and  (ii)  the  slope  of  the  terrain.  The 
former  depends  on  the  sampling  interval  of  the  synthes¬ 
ised  aperture.  In  the  case  of  an  aperture  with  a  uniform 
sampling  interval  of  SB^  it  can  be  shown  that  a  sufficient 
condition  for  no  grating  lobe  related  ambiguities  is: 


2SB  <  (sX)/ 


*  *  I 

tan{9  —  t?) 


(3) 


For  the  more  general  case  of  a  nonuniformly  sampled  aper¬ 
ture,  the  associated  beam  pattern  has  a  less  regular  shape, 
as  indicated  in  Figure  2,  and  is  more  difficult  to  character¬ 
ise.  A  rule  of  thumb  for  minimising  imaging  ambiguities 
is: 


25Bmax  <  {sX)/ 


Pi 


tan{9  — 


“h  Pn 


(4) 


where  SBmax  is  the  maximum  sampling  interval. 


N  —  2  additional  flight  paths,  as  illustrated  in  Figure 
1,  this  condition  is  replaced  by:  Bn^  <  Bcriti^  = 

1,  2,  ...jiV—  1  where  is  the  normal-baseline  between 
adjacent  paths  Pi,Pi+i.  Since 

aperture  length  Bn^i^  in  the  proposed  multi-baseline  tech¬ 
nique  may  significantly  exceed  BctU-  The  result  is  fine 
resolution  in  the  n  direction  and,  consequently,  high  res¬ 
olution  3-D  imagery. 

Ground-range  resolution  enhancement 

The  size  of  the  ground-range  resolution  element  Pg  ~ 
pg^g  in  an  individual  (single-pass)  SAR  image  is  determ¬ 
ined  by  the  slant-range  resolution  p,  =  cl2W^  where  W 
is  the  bandwidth  of  the  chirp:  pg  =  pgcosd / sin{9  —  d). 
In  a  similar  way,  a  finite  normal-to-slant-range  resolution 
element  Pn  leads  to  a  finite  ground-range  resolution  ele¬ 
ment  pg^ri  =  pji,cosd / cos{9  -  d).  From  the  definition  of 
Bcrit  it  follows  that  synthesis  of  an  n  aperture  of  length 
Bn,N  >  Bcrit  leads  to  pg^ri  <  Pg,i,  and  an  improved 
ground-range  resolution.  In  general,  however,  even  better 
improvements  in  ground-range  resolution  are  attainable. 
This  is  because  the  point  spread  function  (psf)  in  the  s  —  n 
plane  is  sinc-like  rather  than  box-like.  The  cross  section  of 
the  former  is  an  ellipse,  the  principle  diameters  of  which 
are  PnjPi-  Accordingly,  the  ground-range  resolution  is 
given  approximately  by: 


Thus  the  ground-range  resolution  element  pg  is  smaller 
than  both  pg^n  and  pg^g. 

Imaging  ambiguities  due  to  aperture  sampling 

The  aperture  synthesised  in  the  n  direction  by  the 
multi-baseline  InSAR  method  is  sampled,  rather  than  con¬ 
tinuous.  As  a  result,  the  synthesised  beam-pattern  shows 


APERTURE  SYNTHESIS  FOR  3-D  IMAGING 

For  simplicity  we  make  the  following  assumption. 

Assumption  1  (i)  All  N  flight  paths  are  described  by 
straight  lines,  are  parallel  to  the  ground  plane  z  =  0  and 
parallel  with  each  other,  (ii)  All  N  SLC-SAR  images  are 
acquired  with  a  zero  squint  angle  tpi  =  0,  i  =  1,  2, 

We  foreshadow  here  a  more  detailed  treatment  which 
allows  for  the  invalidity  of  Assumption  1. 

The  ft  aperture  synthesis  approach  we  propose  here  is 
basically  the  same  as  that  used  in  standard  single-pass 
SAR  to  synthesise  an  aperture  in  the  azimuth  a  direction. 
In  short,  a  highly  focussed  beam  in  the  n  —  5  plane  aimed 
at  a  particular  terrain  target  is  generated  by  applying 
a  particular  set  of  phase  rotations  ^  =  1,2,  ...,iV 

to  the  set  of  SLC-SAR  images  {D^},  i  —  1,2,  The 
required  phase  rotation  for  SAR  image  Di  is  given  by: 


where  di^rn.  is  the  distance  in  the  n  —  s  plane  (  i.e.  in 
the  direction  perpendicular  to  the  flight  path)  between 
the  corresponding  flight  path  Pi  and  the  terrain  target 
Tm  being  imaged.  In  effect,  the  application  of  to 

{Di}  leads  to  the  reflected  signals  from  Tm  being  in-phase 
while  reflected  signals  from  other  terrain  points  being  out- 
of-phase.  Addition  of  the  phase  rotated  images: 

N 

Dm{hfl)  =  \  Di[kfl)exp[j<j)i^m)\ 

i=i 

leads  to  focussing  of  Tm  and  provides  an  estimation  of 
the  backscattering  strength  of  Tm-  The  generation  of  a 
3-D  image  involves  constructing  a  grid  of  points  m,  which 
covers  the  terrain  region  being  imaged.  Appropriate  phase 
rotations  are  then  applied  to  focus  and  obtain  the  backs¬ 
cattering  strength  of  each  grid  point.  Since,  in  general, 
a  band  of  terrain  points  have  the  same  normal-to-slant- 
range  n  indice,  the  summed  image,  in  general,  shows  a 
focussed  band  or  fringe  -  see  Figure  3(b). 
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In  this  light,  the  summed  image  Dm{h^  /)  can  also  be  in¬ 
terpreted  as  a  multi-baseline  interferogram  which  has  been 
generated  by  phase  aligning  and  summing  the  iV  -  1  in- 
terferograms  obtained  from  the  N  —1  connected  baselines 

In  particular,  Dm{^^  Z)  shows  a  focussed  fringe  along 
the  terrain  band  corresponding  to  the  particular  n  indice 
being  focussed.  This  is  illustrated  in  Figure  3.  Figure 
3(a)  is  a  simulated  single- baseline  interferogram  and  Fig¬ 
ure  3(b)  a  simulated  multi-baseline  interferogram  corres¬ 
ponding  to  the  same  ‘hilly’  terrain  topography.  The  values 
of  the  imaging  parameters  such  as  radar  wavelength,  satel¬ 
lite  height  etc  used  in  the  simulations  are  based  on  those 
of  ERS-1.  The  signal(phase)  to  noise  ratio  SNR  ~  IdB. 
The  single-baseline  of  Figure  3(a)  is  =  400m  while  the 
multi-baseline  had  an  overall  length  of  Bn  =  4080m  and 
consisted  of  10  connected  baselines  each  chosen  from  a 
random  distribution  with  a  mean  of  400m.  Note  that  the 
narrow  focussed  fringe  of  the  multi-baseline  interferogram 
clearly  shows  the  presence  of  a  ‘dip’  running  up  the  side 
of  a  ‘hill’  of  the  terrain,  while  this  ‘dip’  is  essentially  lost 
in  the  noise  and  broad  fringe  pattern  of  the  single-baseline 
interferogram. 


(a)  (b) 

Figure  3:  (a)  Single-baseline  interferogram  Bn  —  400m, 
(b)  multi-baseline  interferogram  Bn  =  4080  corresponding 
to  the  same  terrain  topography. 

Flight  Path  Parameter  Determination 

As  indicated  by  (5),  aperture  synthesis  in  the  n  direc¬ 
tion  requires  accurate  knowledge  of  each  of  the  flight  path 

vectors  Pi.  Under  the  validity  of  Assumption  1,  two  para¬ 
meters  are  required  for  each  flight  path:  the  elevation  or  z 
co-ordinate  and  cross  track  or  y  co-ordinate  Pi^y.  We 
briefly  discuss  here  two  approaches  for  determining  these 
2N  path  parameters. 

Change  in  Phase  Difference  Method:  Under  the  ideal 
conditions  of  zero  noise,  the  change  in  phase  difference: 

=  MTn)  -  MT.)  -  iMTn.)  -  MTm)) 

within  a  single-baseline  interferogram  between  two  targets 
Tm,  Tn  is  related  to  the  four  parameters  Pi^zy  Pi,yy  ^  =  Ij  2 
of  the  two  flight  paths  as  well  as  the  two  target  posi¬ 
tions.  In  particular,  M  targets  lead  to  Af  —  1  equations, 
each  relating  the  four  flight  path  parameters  to  a  meas¬ 
ured  change  in  phase  difference.  It  follows  that  M  >  5 
targets  of  known  position  are  required  to  determine  the 
parameters  of  two  flight  paths.  For  the  more  general 


case  of  N  flight  paths,  parameter  determination  requires 
M  >  3  -h  2/ (AT  —  1)  targets  of  known  position.  If  the 
target  positions  are  not  known,  flight  path  parameter  de¬ 
termination  requires  the  following  condition  to  be  met: 
(M  —  l)(Ar  —  1)  >  2(M  -h  N).  A  meaningful  solution  to 
this  inequality  exists  only  four  AT  >  4  flight  paths. 

In  the  presence  of  noise  the  set  oF phase  difference  equa¬ 
tions,  in  general,  can  not  be  solved  uniquely.  Instead  an 
estimate  of  the  flight  path  parameters  can  be  obtained 
through  minimization  of  a  non-negative  cost  function, 
such  as  the  squared  error  function  Va/* 

N-lM-l 

,1-fl  ^m,Tn+l  >  0 

t=l  m=l 

where  measured  change  in  phase  dif¬ 
ference  and  is  the  change  in  phase  difference 

which  corresponds  to  a  particular  set  of  values  for  the  un¬ 
known  parameters.  In  practice,  minimisation  of  the  cost 
function  is  achieved  through  an  iterative  process. 

Sharpness  Method:  This  method  is  based  on  determ¬ 
ining  the  flight  paths’  parameters  which  maximise  the 
‘sharpness’  of  the  focussed  fringe.  In  more  detail,  focus¬ 
sing  of  the  multi-baseline  aperture  beampattern  on  a  par¬ 
ticular  terrain  target  Tm  requires  application  of  appro¬ 
priate  phase  rotations  to  the  set  of  N  SAR  images.  Any 
errors  in  the  applied  phase  rotations,  resulting  from  errors 
in  the  flight  path  parameters,  lead  to  a  reduction  in  the 
focussing  quality  of  the  beampattern  or  sharpness  of  the 
associated  fringe.  It  follows  that  an  estimate  of  the  set 
of  flight  path  parameters  may  be  obtained  through  max¬ 
imisation  of  the  fringe  sharpness  5^.  Sharpness  may  be 
measured  by  a  number  of  functions  [4].  Results  to  date 
indicate  that  for  our  purposes  —  estimation  of  flight  path 
parameters  —  the  following  two  measures  perform  well: 

^nj\ai  ~  ^^[AAnj(gA;,  al)] 

sk 

^  ^[^■4nj(5/g,  al)  —  AAnj{sk  ~  l,al)] 

sk 

where  AAnj{skyal)  —  Anj{sk  -f  l,aZ)  —  Anjisk^al)  and 
Anjisk^al)  =  amplitude  at  (5, a)  =  [sk^al)  of  the  multi¬ 
baseline  interferogram  generated  for  the  normal- to- slant- 
range  in  dice  n  =  nj.  To  reduce  the  effect  of  noise  we 
average  the  values  for  a  given  function  Snj.al  over  azimuth 
indices  al  and/or  normal-to-slant-range  indices  nj. 
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Abstract  -  This  paper  provides  a  procedure  to  process 
and  register  simultaneously  SAR  data  from  spaceborne 
sensors.  The  procedure  is  based  on  the  Extended  Chirp 
Scaling  Algorithm  described  in  correlated  papers.  The 
performance  of  the  developed  processor  has  been  tested 
with  simulated  and  real  SAR  data. 

INTRODUCTION 

Registration  of  SAR  images  is  an  important  part  of  ac¬ 
tivities  which  require  correlation  of  temporal,  frequencial, 
polarimetric,  or  spatial  information. 

It  has  been  shown  that  registration  simultaneous  with 
image  processing  will  result  in  processing  time  reduction 
and  increased  image  quality,  [1]. 

This  paper  describes  a  procedure  which  allov/s  simulta¬ 
neous  processing  and  registration  of  SAR  data  from  space- 
borne  sensors.  The  basic  algorithm  used  is  the  Extended 
Chirp  Scaling  Algorithm,  [2],  [3],  [4]. 

The  functional  and  interferometric  performance  of  the 
developed  processor  has  been  approved  with  simulated 
data  and  real  ERS-1  SAR  data. 

AZIMUTH  REGISTRATION 

We  assumed  two  SAR  sensors  i  =  1,  2,  circling 
the  Earth  in  parallel  orbits  with  the  equal  flight  velocity 
V,  The  genereted  scenes  /,•  are  formated  by  the  signals 
backscattered  from  the  targets  on  ground.  The 
pulse  repetition  periods  of  the  signals  transmited  by  Si 
and  S2  are,  respectively,  T^i  and  Tr2. 

The  pulse  echoes  backscattered  from  a  certain  point 
target  on  ground  at  slant  range  r,-  and  azimuth  time  t  —  to 
are  aji(r,  t;  r,,  to).  Herein  r  is  the  range  time,  i  the  azimuth 
time,  and  t  =  0  the  scene  center  time  in  azimuth. 

By  that,  the  time-varing  slant  range  equals,  [2]: 

+  V'2(t  —  to)^,  or  approximately 
p(<;  ri,to)  =  r,  +  (<  -  /  (2  rj). 

Now,  we  suppose  that  sensor  5i  is  the  reference  sensor 
and  that  the  scenes  center  pixels  with  aJi(r, t  =  0;ri,to) 
and  X2{Tyt  =  0;7’2,to)  registrated.  With 

Ka  ^  2V'^  !  {\V2)  (1) 
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Fa  =  T,i/T,2,  (2) 

and  the  wavelength  A,  we  define  the  linearly  frequency 
modulated  (LFM)  azimuthal  signal 

®a(r,  t\ r^)  -  exp{-j  x  {Fa  -  1)  Ka  t"^}. 

Subsequently,  Xa{'r,t',r2)  is  applied  to  scale  the  signal 
X2{T,P,r2,to)  given  by  [2]: 

y2(r,  t;  r2,  to)  =  ®2(t,  t;  T2,to)  »o(t,  t\  r2)  (3) 

—  {'^  2  R{t\  7*2,  to)  j  Co) 

X  exp  |-j  X  ifr  (t  -  2  R{t\  r2,  to)  /  Co)^| 

X  exp  {-J  X  Ka  {Fa  -  1)  <o/  } 

xexp{-j4wRc{t-,r2,to)  /  X}  (4) 

with,  _ 

Rc{i-,r2,to)  =  ^Jrl  +  FaV^t-to/Fa)^  (5) 

In  (4)  5o(.)  describes  the  LFM  transmit  pulse  with  FM 
rate  Kr  and  a(.)  the  azimuthal  antenna  function. 
Equation  (4)  has  some  notable  features: 

(i)  Though  the  terms  p{t;r2iio)  and  the  aproximation 

Pc(t;  r2,  to)  =  r2^  Fa  {i  UlFaf  /  (2  T2) 
of  Rc{i;r2,io)  were  used  for  derivation  of  i/2(T‘, 
they  don’t  appear  in  (4). 

(ii)  For  Tri  —  Tr2  the  equation  (4)  reduces  to 

y2{r,t]r2yto)  =  »2('r,t;r2,to)* 

(iii)  The  phase  term 
7rKa{Fa-l)tl/Fa 

describes  the  scaling  deviation  to  be  corrected. 

(iv)  The  azimuth  resolution  to  pixel  spacing  ratio  of  the 
reference  signal  ®i(r,  t;  ri,  to)  is  given  by 
ll==l/{TaKaTri), 

where  To  is  the  illumination  time.  The  corresponding  ra¬ 
tio  for  the  scaled  signal  3/2('7’,  t;  ?’2j  to)  equals 

/2=  1/(ToAoFoT,2). 

With  Fa  given  by  (2)  we  get  the  desired  result  ^2  =  ^i- 
Consequently,  additional  to  the  registration  of  the  cen¬ 
tral  pixels  defined  by  2Bi(r, t  ==  0;ri,  to)  and  a52(T, t  = 
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0;^2,^o),  the  other  pixels  described  by,  y2('r,  t;  r2,  to)  and 
»i(r,  t;  ri,  to)  are  registrated. 

RANGE  REGISTRATION 

For  sensors  5,*  z  =  1,  2  shown  in  Fig.  1,  we  assume 
inicial  range  delay  TJ,  sample  time  period  T,,,  and  echo 
signal: 

{®i('n,m)}  with:  Ti^rn  =  raT^i  +  Ti,  m  -  0,  1,  . .  M  -  1. 
The  sample  Xi[Ti^rn)  represents  the  backscatter  from  the 
resolution  cell  RCi{m)  with  center  Pi  locate  at  a  slant 
range: 

’**(n,m)  =  Co  {mTsi  H-  7i)  /  2  Co  :  light  speed  (6) 

The  horizontal  separation  between  RCi[m)  and  RC2{n) 
with  m  and  n  —  0,  1,  . .  M  —  1  is  given  by 

JiS[Ti^rn^T2^n)  =  di^m  ~  B  zos  a  —  d2,n,  where 
B  is  the  baseline,  a  is  the  baseline  slope  angle,  and 

d\^m  =  ^i(n,m)  cos  01, ,7,  (7) 

d2,n  —  '»’2(T2,n)  COS  02, n  (8) 

and  02, n  are  the  grazing  angles  and  and  ct2,n  are 
the  horizontal  projections  of  ri(ri,^)  and  r2(r2,n)j  respec¬ 
tively. 

Note  that,  for  ^5(ri,r„,T2,n)  =  0  the  samples  sc i(ri,^) 
and  aj2(r2,n)  are  registrated. 

We  supposed  that  is  the  reference  time  for  the 
registration  and  that  the  scenes  center  pixels  a;i(ri,^/2) 
and  *2(^2, M/2)  are  registrated,  m/2,  T2, M/2)  =  0. 

We  consider  the  samples  set  {sc2(i^2,m)}  of  52,  with 
where  5R  is  the  set  of  real  number  and  m  = 
0,  1,  . .  M  —  1,  so  that: 

>  *^2,m)  “  O’ 

Therefore,  1^2, M/2  =  '^2,M/2  and,  taking  into  ac¬ 
count  (6),  (7)  and  (8): 

1^2, m  =  2  62, m  /  (Co  cos  ^2,m)  (9) 

<^2,m  =  -5cosa-hCo(mT,i -f-Ti)cos0i,,„/2  (10) 

where  02, m  is  the  grazing  angle  of  the  slant  range  r2(i^2,m) 
related  to  X2{i^2,m)i  and  62, m  is  the  horizontal  projection 
of  r2(l/2,m)* 

Equation  (9)  gives  the  required  radial  delay  to  be 
performed  the  registration  of  the  samples  xi^Ti^m)  and 
^2{t^2,m)  by  the  Chirp  Scaling  Algorithm. 

The  time  between  samples  X2{um-{-n)  and  X2{um)  is: 

A£/2(wJ  77l)  —  2  (02, m+n /  cos  02, ra+n  ^2,m/  COS02,m)/Co 

Note  that: 

(i)  Ai,2(W'  ==  1;  m)  is  the  new  sample  rate  of  the  registrated 
samples  «2(i^2,m)* 

(ii)  cos  02, m  and  cos0i,,ti  in  (9)  and  (10)  may  be  estimated 
by  the  baseline  the  slope  angle  a,  the  altitude  the 
altitude  ^2,  and  the  slant  range  ri(ri,„i)  given  by  (6). 

(iii)  For  0i,m  and  02, m  constantes  and  equal  to  the  grazing 
angles  in  the  scene  center  0i,m/2  and  02, m/2 j  respectively, 
A|/2(W’  =  1;  wi)  is  independent  of  m  and  has  the  form 

^v2  —  Tsl  cos  01, M/2  /  COS  02, M/2  (H) 


CHIRP  SCALING  PROCESSOR 

The  Chirp  Scaling  Processor,  [2],  with  the  extended 
approach,  [3],  [4],  is  shown  in  the  Fig.  2. 

For  simplicity  we  suppose  T,i  <  T,2  and  P'r2  Tri. 

In  Fig.  2,  for  F’a  =:  1,  C,  is  the  curvature  factor,  Ag 
is  the  range  distortion  factor,  Ksm  is  the  effective  FM 
rate  in  range  and  Tref  is  the  time  locus  of  the  reference 
range  in  the  range  signal/ Doppler  domain  given  by  [2]. 
For  K  =  Ts2l^u2  ==  1  we  have  Cg^  =  Cg, 

For  the  raw  data  xi(r,  t)  of  the  radar  system  5i,  Fa 
and  K  must  be  set  equal  to  1. 


Fig.  2.  Chirp  Scaling  Processor 
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RESULTS 

The  raw  data  of  four  point  targets  were  simulated  with 
the  parameters: 

(i)  T,i  —  52.72ns  (pixel  spacing  in  range:  7.91m), 
1/Tri  =  1634.55if2;  (pixel  spacing  in  azimuth:  4.34m), 
hi  =  SOO.OAjm, 

(ii)  Ts2  ~  66.07ns  (pixel  spacing  in  range:  9.91m), 
1/Tr2  =  1934.55^.2  (pixel  spacing  in  azimuth:  3.67m), 
h2  ~  800.2A;m, 

(iii)  B  =  538.52m,  a  —  21.80^  and 

(iv)  radial  and  azimuthal  resolution:  15.0m  . 

The  Fig.  3  shows  the  point  target  responses  of  four 
point  targets  before  and  Fig.  4  after  registration. 

Fig.  5  emphasizes  the  capability  of  the  processor  for  in¬ 
terferometric  SAR  processing.  The  scene  shows  the  phase 
interferogram  after  Flat  Earth  removal  of  an  area  (35Km 
in  range,  32km  in  azimuth)  near  Cairo  imaged  by  ERS-1. 


A  processor  has  been  developed  which  tightly  combine 
both,  SAR  processing  and  image  registration.  Compared 
to  conventional  methods  this  integrated  processing  re¬ 
duces  computer  time  and  preserves  image  quality.  Besides 
that,  all  the  advantages  of  the  Extendet  Chirp  Scaling  Al¬ 
gorithm  are  kept. 

The  performance  of  the  processor  has  been  approved 
by  the  registration  of  simulated  point  targets  and  the  in¬ 
terferometric  processing  of  real  ERS-1  raw  data. 
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Abstract  —  This  paper  provides  a  quality  assessment  of  digital 
elevation  models  generated  by  means  of  SAR  interferometry 
and  the  use  of  ERS  tandem  data.  A  total  of  8  scene  pairs  have 
been  investigated,  acquired  at  different  dates  but  covering  the 
same  site  to  allow  a  study  of  the  different  parameters  such  as 
temporal  decorrelation,  baseline,  and  varying  incidence 
angles.  The  ERS  tandem  configuration  implies  some  charac¬ 
teristics  that  are  examined,  concerning  in  particular  the  system 
parameters.  Moreover,  peculiarities  detected  during  the  inter¬ 
ferometric  processing  are  reported.  The  achieved  results  are 
compared  to  an  existing  reference  DEM.  Additionally,  the  In¬ 
SAR-derived  DEMs  are  compared  to  each  other  to  study 
SAR-specific  effects. 

Keywords:  SAR,  interferometry,  digital  elevation  models 


INTRODUCTION 

With  the  launch  of  ERS-2  a  new  interferometric  sensor  config¬ 
uration  was  established  which  was  expected  to  improve  the 
quality  of  InSAR-derived  DEMs  generated  with  spacebome 
SAR  data.  In  particular,  the  reduction  of  the  orbit  repeat  period 
to  only  one  day  in  combination  with  the  well-known  ERS  fea¬ 
tures  like  orbit  stability  or  quality  of  SAR  instrumentation  and 
processing  should  lead  to  a  substantial  decrease  of  the  coher¬ 
ence  problem,  which  up  to  now  has  considerably  marked  the 
limitations  of  DEM  generation. 

In  this  paper  we  present  results  obtained  with  ERS  Tandem 
data  sets  acquired  at  three  different  dates  in  October  1995  and 
covering  a  part  of  the  upper  Rhine  valley  and  its  surrounding 
hills  of  the  ’Black  Forest’.  Emphasis  was  laid  on  a  quality  as¬ 
sessment  of  the  DEMs,  including  a  study  of  the  tandem  charac¬ 
teristics.  First,  some  features  of  the  interferometric  processing 
are  analyzed,  followed  by  a  presentation  of  the  achieved  re¬ 
sults.  At  the  end  a  summary  and  conclusions  are  given. 

INTERFEROMETRIC  PROCESSING 

TTie  interferometric  data  processing  revealed  some  notewor¬ 
thy  characteristics  which  are  outlined  in  the  following. 


ERS  system  parameters 

In  several  tandem  data  pairs  the  PRF  value  differs  slightly  be¬ 
tween  ERS-1  and  ERS-2.  The  difference  is  about  1  pixel  along 
the  azimuth  extension  of  a  quater  scene.  It  has  to  be  compen¬ 
sated  in  the  resampling  step  of  the  image  fine  registration. 

In  addition  to  that  the  azimuth  and  range  time  parameters  are 
occasionally  found  to  contain  a  certain  offset,  leading  to  a  shift 
of  the  image  with  respect  to  ground.  Using  the  common  geo¬ 
location  procedure  [1],  this  shift  was  measured  to  reach  up  to 
20  pixel  in  range  and  15  pixel  in  azimuth.  In  order  to  guarantee 
a  precise  geopositioning  of  the  interferometric  products  the 
time  parameters  must  be  corrected  by  the  use  of  tie  points. 

Phase  Unwrapping 

The  phase  unwrapping  was  performed  using  the  least  squares 
methods  described  in  [2].  The  static  (unweighted)  method  led 
to  disappointing  results  due  to  its  strange  behaviour  at  the  resi¬ 
dues  locations.  In  addition  to  the  local  -jr  Jt  leaps  global 
phase  ramps  have  been  detected  that  are  not  present  in  the 
wrapped  phase  image.  Fig.  2  depicts  the  phase  difference  be¬ 
tween  the  original  interferogram  (Fig.  1)  and  the  (rewrapped) 
absolute  phase  pattern  in  the  static  case.  About  3  fringe  lines 
are  introduced  between  the  lower  left  and  upper  right  part  of 
the  image,  corresponding  to  a  height  difference  of  240  m.  Due 
to  its  non-linear  behaviour  it  is  practically  impossible  to  com¬ 
pensate  the  residual  phase  pattern  after  phase  unwrapping,  us¬ 
ing  e.g.  tie  points. 

Application  of  the  weighted  least  squares  method  led  to 
much  better  results  (Fig.  3).  A  4x4  box  around  each  residue 
was  weighted  by  0  to  eliminate  their  disturbing  impact.  After 
each  iteration  step  the  residues  had  to  be  recalculated  since 
new  residues  can  occur  at  locations  where  the  residue  condi¬ 
tion  was  slightly  missed  in  the  preceding  step.  However,  even 
the  weighted  method  cannot  reconstruct  the  absolute  phase 
pattern  precisely  due  to  its  slope-underestimating  nature  in  the 
presence  of  phase  noise  [3].  Furthermore,  terrain  information 
corrupted  by  severe  phase  disturbances  naturally  cannot  be  re¬ 
covered  if  entire  fringe  lines  had  got  lost,  as  can  be  seen  in  Fig. 
3  in  the  right  part  of  the  image. 
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Fig.  1:  Interferogram  of  the  upper  Rhine  val-  Fig.  2:  Phase  difference  between  original  in-  Fig.  3:  Phase  difference  between  original  in- 
ley  near  the  city  of  Strasbourg,  includ-  terferogram  and  rewrapped  absolute  terferogram  and  rewrapped  absolute 

ing  a  part  of  the  Black  Forest  phase  image  (unweighted  least  squa-  phase  image  (weighted  least  squares 

res  method)  method) 


Orbit  optimization 

Although  ERS  orbit  data  reach  accuracies  in  the  order  of  30  cm 
the  highly  sensitive  interferometer  configuration  needs  much 
more  precise  baseline  information  in  the  mm  order  to  allow  an 
accurate  phase-to-height  conversion.  An  orbit  optimization 
procedure  was  applied  to  compensate  for  baseline  errors  as 
well  as  for  errors  introduced  in  the  interferometric  processing 
steps.  It  is  based  on  a  minimization  algorithm  which  is  fed  with 
tie  points  and  calculates  the  residual  height  differences.  The 
constant  and  linear  terms  of  the  orbit  polynomials  are  iterative¬ 
ly  corrected  until  a  minimum  of  the  residual  heights  is  de¬ 
tected.  It  has  to  be  noted  that  the  tie  points  must  be  selected  in 
areas  which  are  not  affected  by  phase  unwrapping  errors,  as  de¬ 
picted  in  Fig.  3. 

Geocoding 

The  terrain  height  map  was  transformed  into  map  coordinates 
to  allow  an  easy  comparison  with  an  existing  reference  DEM 
which  was  originally  generated  by  digitizing  the  height  con¬ 
tour  lines  of  a  topographic  map.  The  geocoding  algorithm  is 
described  in  [4]  [5].  A  new  inverse  method  which  is  expected 


to  reduce  the  computing  time  efficiently  is  currently  under  in¬ 
vestigation. 

RESULTS 

A  total  of  8  tandem  quater  scenes  were  processed  in  the  afore¬ 
mentioned  area,  acquired  at  three  different  dates  in  October 
1995.  Although  the  acquisition  time  and  weather  conditions 
were  quite  promising  concerning  the  expected  temporal  decor¬ 
relation,  all  of  the  data  sets  show  extended  areas  of  low  coher¬ 
ence  especially  in  the  forested  regions.  Fig.  4  gives  an  impres¬ 
sion  of  one  of  the  favorable  coherence  results,  where  the  values 
are  close  to  1  in  the  agricultural  and  urban  areas  and  go  down 
to  0.2  in  the  forested  regions.  In  Fig.  5  the  corresponding  DEM 
is  displayed. 

As  an  example.  Table  I  reports  the  measured  results  for  two 
almost  completely  overlapping  quater  scene  pairs.  Besides  the 
differences  in  baseline  and  average  coherence  the  data  pairs 
are  characterized  by  an  incidence  angle  difference  of  about  3°. 
The  height  differences  with  respect  to  the  reference  DEM  are 
in  the  order  of  10  m  (std.  dev.)  for  flat  terrain.  Unfortunately, 
the  most  part  of  the  hilly  areas  is  covered  by  coniferous  forests 
and  is  therefore  characterized  by  low  coherence,  causing  the 


height  differences  to  increase  significantly  (Fig.  6). 
Table  I:  Results  of  the  comparison  of  two  tandem  data  pairs  with  a  reference  DEM 


InSAR-DEM 

difference  to  reference  DEM 

difference  to  InSAR-DEM  of 
22723.  Oct.  95 

date 

baseline 

average  coherence 

flat  terrain 

hilly  terrain 

highly  coherent  hilly  area 

3./4.  Oct.  95 

340  m 

0.53 

2.3  m  mean 

“105  m  mean 

-4.1  m  mean 

6.6  m  std.  dev. 

85  m  std.  dev. 

4.2  m  std.  dev. 

22./23.  Oct.  95 

104  m 

0.63 

-7.1  mmean 

30  m  mean 

- 

10.8  m  std. 
dev. 

66  m  std.  dev. 

- 
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Fig.  4:  Coherence  map  of  the  upper  Rhine 
valley  (see  Fig.  1);  The  low  coherent 
areas  mark  the  forested  regions 


Fig.  5:  InSAR-derived  DEM  of  the  data  pair 
22.123.  Oct  95  (see  Figs.  1  and  4) 


Fig.  6:  Height  differences  between  InSAR- 
DEM  (Fig.  5)  and  reference  DEM; 
The  values  increase  significantly  in 
the  hilly  areas  (lower  right  part) 


A  comparison  of  the  two  overlapping  InS  AR-DEMs  in  a  high¬ 
ly  coherent  hilly  part  shows  a  good  coincidence.  No  significant 
deviations  that  might  be  caused  by  the  incidence  angle  differ¬ 
ence  can  be  observed  (see  also  Table  I). 

SUMMARY  AND  CONCLUSIONS 

We  have  investigated  several  data  pairs  of  the  ERS  tandem 
mission  to  assess  the  potential  of  this  interferometer  configura¬ 
tion  regarding  the  derivation  of  digital  elevation  models.  The 
data  were  acquired  at  three  different  dates,  two  of  them  charac¬ 
terized  by  dry  and  stable  weather  conditions.  They  cover  an 
area  with  different  types  of  vegetation  and  terrain  slopes,  part¬ 
ly  overlapping  to  ensure  an  observation  of  the  same  ground 
element  under  slightly  varying  incidence  angles. 

Despite  the  considerably  good  preconditions  the  quality  of 
the  derived  DEMs  proves  to  be  quite  disappointing.  The 
achieved  height  accuracy  suffers  from  the  extensive  temporal 
decorrelation  that  occurs  in  the  vegetated  areas,  namely  the 
forested  regions,  a  fact  that  is  well-known  from  ERS-1  inter¬ 
ferometric  investigations.  The  decrease  of  the  orbit  repeat  pe¬ 
riod  to  one  day  turns  up  to  be  no  significant  advantage 
compared  to  the  3-day  cycle  of  ERS-1. 

We  conclude  that  the  ERS  tandem  interferometer  is  not  the 
awaited  instrument  to  overcome  the  problem  of  temporal  de- 
correlation  in  order  to  allow  DEM  generation  on  a  large  scale 
basis.  Nevertheless,  its  great  advantage  lies  in  the  global  data 
coverage  that  was  not  yet  achieved  by  ERS-1  (3-day  cycle)  or 
SIR-C/X-SAR.  Up  to  now  no  spacebome  SAR  sensor  can  ex¬ 
haust  the  entire  potential  of  the  interferometric  principle. 
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1.  INTRODUCTION 

Sea  surface  winds  are  observed  from  polar  orbiting  satellites 
by  active  and  passive  microwave  instruments.  The 
scatterometer  on  the  European  Remote  Sensing  Satellite-1 
(ERS-1)  has  been  operating  since  1991  providing  vector 
winds  at  50  km  resolution  over  a  500  km  wide  swath,  and 
ERS-2^  a  twin^  was  launched  in  1995.  The  Special  Sensor 
Microwave  Imager,  SSM/I,  (on  several  Defense 
Meteorological  Program  satellites  since  1987)  provides  wind 
speed  in  non-raining  areas  over  a  1400  km  swath.  Several 
altimeters  such  as  those  on  the  ERS  satellites  and  TOPEX- 
Poseidon  (since  1992)  sample  a  10  km  wide  path  at  nadir 
providing  wind  speed  over  the  footprint.  All  these  data  can  be 
used  sin^y,  in  conjunction  or  after  assimilation  into  numerical 
models  to  form  gridded  wind  fields  that  may  represent  the 
surface  wind  over  periods  ranging  from  the  instantaneous 
swath  view  to  hours,  days,  weeks  or  months.  These  wind 
fields  are  used  to  drive  surface  wave  models,  ocean  circulation 
models  or  to  calculate  climatological  means  of  turbulent  fluxes 
of  momentum,  the  wind  divergence  or  curl.  In  this  paper  we 
examine  how  the  sampling  and  the  method  to  form  the  wind 
field  influences  the  resulting  means  of  certain  wind  parameters 
during  the  passage  of  a  raidlatitude  cyclone  in  the  North 
Pacific  Ocean.  The  main  objective  is  to  understand  the 
possible  adverse  effects  of  limited  sampling  of  the  storm 
systems  moving  across  the  sea. 

2.  METHODS  AND  PROCEDURES 

We  examine  the  following  wind  parameters  that  enter  into 
different  oceanographic  or  meteorological  studies: 

the  average  wind  speed  (modulus),  U  ave,  mod  • 

UaVE,MOD  “  ^  (1) 

the  modulus  of  the  averaged  zonal  and  meridional  wind 
components,  U  mod.  ave  • 
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Umod.ave  - 

the  wind  stress  vector,  X  ave  • 

Xavb  =  ^2(pCdUmod(I^)  (3) 

N 

the  kinetic  energy  transferred  to  the  sea,  K.E. : 

K.E.  =  — 2(uSv^)  (4) 

N 

where  u  and  v  are  horizontal  and  vertical  wind  components, 
respectively,  p  is  the  air  density,  Cj)  the  drag  coefficient  (a 
function  of  Umod)*^  Umod  Ih®  instantaneous  wind 
vector  and  modulus  respectively,  2  implies  a  sum  over  N 
individual  points. 

To  examine  the  effects  of  sampling  and  averaging  procedures 
we  need  to  have  a  wind  field  that  we  can  consider  the  truth,  so 
that  it  can  be  used  as  a  control  in  evaluating  the  other 
procedures.  Such  a  gridded  wind  field  has  been  constructed 
from  all  available  information  and  evaluated  at  20  minute 
intervals.  There  are  no  continuous  measurements  at  enough 
points  on  the  ocean  to  ever  have  such  a  wind  field  from  direct 
in  situ  observations.  The  constructed  wind  field  we  take  as 
representative  of  the  true  surface  wind  employs  data  from  the 
ERS-1  scatterometer  and  SSM/T  radiometers  assimilated  into 
either : 

a)  the  global  numerical  weather  prediction  model  of 
the  European  Centre  for  Medium  Range  Weather  Forecasts 
(ECMWF)  at  the  hour  nearest  to  overpass  time,  or 

b)  a  surface  wind  field  produced  with  the  University 
of  Washington  (UW)  planetary  boundary  layer  model,  which 
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first  calculates  the  geostrophic  surface  wind  employing  the 
ECMWF  surface  pressure  data  (Dickinson  and  Brown,  1996). 
An  interpolation  scheme  to  obtain  the  model  field  at  the 
overpass  time  takes  into  account  both  the  translation  and 
evolution  of  the  weather  system.  19  satellite  swaths  passed 
over  the  domain  during  the  three  and  a  half  day  period  of 
study  (83  hours).  The  data  were  assimilated  into  die  model 
fields  whenever  and  wherever  there  was  satellite  data  obtained 
in  the  domain.  The  data  was  given  twice  the  weight  of  the 
model  wind  values  and  they  were  simply  averaged  together 
with  some  smoothing.  The  fields  were  then  interpolated  to  20 
min  intervals  using  information  on  the  translation  and 
evolution  of  the  storm.  Intersections  between  isobars  and 
isotherms  on  the  surface  chart  were  used  as  tracers  of  the 
storm,  and  a  fit  over  the  domain  of  the  translation  and  rotation 
of  these  points  was  obtained  to  use  in  the  interpolations 
(Dickinson  and  Brown,  1996),  Average  wind  fields  based 
only  on  ECMWF  surface  wind,  the  University  of  Washington 
model  winds,  or  on  the  19  swaths  of  satellite  wind  estimates 
for  the  domain  of  the  cyclone  are  also  obtained  to  compare 
with  the  control  field.  For  the  satellite  winds  alone  the  kriging 
method  for  merging  data  has  been  used  (Bentamy  et  al, 
1995). 

The  Storm  :  The  midlatitude  cyclone  studied  here  is  a  rather 
typical  winter  storm  with  a  minimum  central  pressure  of  985 
hPa  on  day  one  of  our  study  period  and  977  hPa  as  it  crosses 
the  American  coastline  3  Vz  days  later.  It  translates  across  the 
ocean  at  an  average  speed  of  38  km/hr  along  the  track 
illustrated  by  circles  on  the  figures  in  the  results  section.  (See 
further  Dickinson  and  Brown,  1996.), 

Sampling  and  averaging  :  We  examine  the  wind  field  on  a  0.5 
latitude  degree  resolution  in  the  domain  influenced  by  the 
storm.  Averages  over  the  life  of  the  storm,  are  calculated  from 
different  sampling  schemes  including  the  most  complete 
possible,  that  is  every  20  min,  which  we  call  the  control,  6 
hourly,  12  hourly  and  24  hourly.  The  control  represents  an 
average  of  250  wind  estimates,  while  the  24  hour  samples 
represent  4  estimates.  The  24  hour  samples  can  be  started  at 
21,00  or  03UTC. 

In  truth  the  20  min  samples  are,  of  course  not  completely 
independent,  since  the  ECMWF  data  that  forms  the 
background  is  available  at  6  hourly  intervals,  and  the  satellite 
samples  are  obtained  on  the  average  every  5,8  hours,  but  not 
falling  at  the  synoptic  map  times  and  not  at  the  same  place  in 
the  domain.  The  fact  that  the  interpolation  scheme  allows  for 
translation,  rotation  and  evolution  should  render  the 
interpolated  fields  somewhat  more  independent  than  for  the 
case  of  linear  interpolation. 

3.  RESULTS 

The  effect  of  the  structure  of  the  wind  field  with  respect  to  the 
cyclone  circulation  center  is  seen  in  all  the  fields.  Figure  la 


formed  from  the  field  representative  of  the  surface  truth 
shows  the  modulus  with  the  UW  model  background.  The 
storm  track  is  clearly  seen  as  a  region  of  low  mean  wind 
speed  surrounded  by  high  mean  wind  speeds  ,  When  the  sign 
of  the  vectors  enters  into  the  averages  as  in  the  modulus  of  the 
averages  of  wind  components.  Fig.  lb,  or  the  stress  vector, 
the  region  affected  by  altematingly  southerly  and  northerly 
winds  also  shows  low  mean  values.  The  kinetic  energy 
pattern  is  that  of  a  double  dipole  with  two  regions  of  high  and 
two  regions  of  low  mean  kinetic  energy  transfer  (not  shown). 
Means  obtained  in  storm-following  coordinates  show 
identical  fields  for  Uy^vE>iOD  U  modave* 

We  found  that  sampling  every  6  hrs  did  not  substantially 
change  the  resulting  fields,  but  for  increasing  time  separation 
between  samples  the  maximum  percent  differences  in  the 
means  from  the  control  (the  average  based  on  the  20  min 
fields)  increased  from  about  5%  for  6  hourly  samples  to  14 
%  for  24  hour  samples.  The  timing  of  these  four  samples  per 
average  also  influenced  the  resulting  average  wind  fields 
noticably.  Errors  in  the  kinetic  energy  were  as  high  at  ±  20  % 
for  the  24  hour  samples.  The  satellite  data  alone  look  quite 
similar  in  shape  to  the  control  and  retains  the  higher  values. 
The  ECMWF  model  alone  shows  generally  good  agreement 
with  the  control  and  the  satellite  data, 

4.  DISCUSSION 

For  variable  wind  fields  it  is  clear  that  the  position  in  the 
domain  may  strongly  influence  the  mean  wind  experienced  by 
the  underlying  ocean.  The  sampling  by  a  point  observing 
system  (buoy  or  ship)  can  severly  under-  or  overestimate  the 
mean  value  in  the  domain.  12  and  24  hour  samples  are  biased. 

This  case  study,  taking  advantage  of  the  available  20  min  wind 
fields  representing  the  truth  allowed  us  to  examine  the  effect 
of  limited  sampling  in  a  translating  and  evolving  weather 
system  and  has  allowed  studies  of  variability  within  the  storm 
domain. 
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d)  c) 

Figure  1:  Averages  of  wind  parameters  (m/s)  for  a  three  and  a  half  day  period  (Nov.  10  -  Nov.  14 
1992)  over  a  North  Pacific  Cyclone.  Disregard  the  outside  5  degrees  of  latitude  and  longitude  of  the 
figure.  This  region  does  not  have  the  same  satellite  coverage  as  the  storm  itself.  Circles  identify  storm 
centers  every  6  hours. 

a)  Average  of  the  modulus  for  the  20  minutes  fields  using  satellite  data  with  UW  model  background. 

b)  Modulus  of  the  averages  for  the  20  minutes  fields  using  satellite  data  with  UW  model  background. 

c)  The  19  satellite  swaths  averaged  together  with  kriging. 

d)  Average  of  the  6  hourly  ECMWF  wind  fields. 
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Abstract — As  part  of  the  Sea  Truth  and  Radar  Systems  ’94 
experiment  on  the  Grand  Banks  of  Newfoundland  in  Decem¬ 
ber,  1994,  we  collected  high  resolution  digital  images  of  radar 
backscatter  from  the  sea  surface  at  low  grazing  angle  incidence. 
Analysis  of  these  images  and  other  data  collected  concurrently 
allowed  validation  of  certain  theories  of  formation  of  the  two 
chief  components  of  low  grazing  angle  sea  clutter.  The  modu¬ 
lation  of  the  low  amplitude  distributed  scatter  is  strongest  near 
the  crests  of  the  waves.  The  association  of  “sea  spikes”  with  the 
crests  of  breaking  waves  was  confirmed,  and  the  amplitude  and 
distribution  of  these  spikes  was  related  to  both  wind  speed  and 
to  maximum  breaking  crest  length.  These  observations  favour 
the  cylindrical  plume  model[l]  for  the  formation  of  spikes. 


1.  INTRODUCTION 

The  focus  of  The  Sea  Truth  and  Radar  Systems  experiment 
of  December,  1994  (STARS’94)  on  the  Grand  Banks  of  New¬ 
foundland  was  the  simultaneous  collection  of  ocean  surface 
wave  information  from  satellite,  aircraft  and  ship-borne  mi¬ 
crowave  instruments,  from  traditional  surface-following  buoys 
and  from  numerical  models,  along  with  measurements  of  the 
meteorology  of  the  air-sea  interface.  In  this  experiment,  the 
Marine  Microwave  Research  Group  of  Royal  Roads  Military 
College  collected  high-resolution  digital  radar  backscatter  im¬ 
agery  in  a  2  km  radius  circle  around  the  ship  CSS  Parizeau 
at  the  centre  of  the  data  collection  region.  The  principal  pur¬ 
pose  of  these  measurements  was  to  provide  precise  information 
through  spectral  techniques  on  the  wavelength  and  direction  of 
all  components  of  the  sea  surface  wave  field  with  wavelengths 
longer  than  15m.  This  objective  was  achieved,  but  the  data 
also  provided  insights  into  the  mechanisms  of  radar  backscat¬ 
ter  from  the  sea  surface. 

In  this  paper,  we  describe  the  results  of  our  experimental 
exploration  of  these  mechanisms. 
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2.  BACKSCATTER  MODELS  FOR  LOW  GRAZING 
ANGLES 

Low  grazing  angle  microwave  backscatter  from  the  sea  surface 
is  of  two  distinct  types:  distributed  scatter,  which  is  spread 
out  over  the  surface,  and  sea  spikes,  which  are  more  power¬ 
ful,  discrete  echoes.  The  distributed  scatter  is  attributed  to 
Bragg  scattering  off  capillary  waves  which  are  generated  by 
the  wind[2].  What  is  most  important  in  the  imaging  of  ocean 
surface  waves  is  the  modulation  of  this  scatter,  due  to  tilting 
of  the  surface,  to  change  in  amplitude  of  the  capillary  waves 
by  the  orbital  velocity  of  the  longer  surface  waves[3],  to  wind 
drag  at  the  wave  crests[4],  to  spontaneous  generation  of  capil¬ 
lary  waves  in  the  high  curvature  region  near  wave  crests[5],  or 
to  shadowing  of  the  wave  troughs  by  intervening  wave  crests 
[6], 

Sea  spikes  seem  to  be  associated  with  breaking  waves.  Their 
strong  reflections  have  been  modeled  as  specular  reflections 
from  capillary  waves  near  the  crests  of  larger  waves  [7],  as 
reflections  from  the  face  of  the  bubble  plume  formed  as  a  wave 
breaks  [1],  or  as  constructive  multi-path  interference  [8].  Anal¬ 
ysis  of  the  data  we  collected  during  this  experiment  allows  us  to 
assess  the  validity  of  these  models  under  the  specific  conditions 
we  encountered. 

3.  DATA  COLLECTION  AND  ANALYSIS 

Microwave  backscatter  data  were  collected  using  a  standard 
marine  radar  and  a  20MHz,  8  bit  digitizer  and  recorder  con¬ 
nected  to  the  logarithmic  output  of  the  radar’s  IF  stage.  Re¬ 
sultant  images  of  the  sea  surface,  collected  in  synchronization 
with  the  rotation  of  the  radar  antenna,  covered  a  region  2km  in 
radius  about  the  ship,  with  a  pixel  size  of  7.5m.  Bursts  of  16  or 
32  images  were  collected  at  least  every  15  minutes  throughout 
the  experiment.  Inall,  over  10,000  images  were  collected.  Pho- 
togrammetrically  calibrated  video  and  still  photographs  of  the 
sea  surface  were  taken  simultaneously  with  the  radar  imagery 
when  conditions  permitted. 

We  performed  a  laboratory  calibration  of  the  radar  receiver 
response  to  measured  inputs  through  the  entire  dynamic  range, 
and  therefore,  with  application  of  the  nominal  antenna  gain. 
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Figure  2:  Derived  image  parameters,  04  Dec  94.  (top)  Median 
up-wind  and  up-wave  NRCS,  wind  speed  and  estimated  wave 
height,  (bottom)  Wave  shape  asymmetry  (AX)  and  air-sea 
temperature  difference. 


Figure  1:  Radar  image  of  the  sea  surface,  0140Z,  04  Dec  94. 

were  able  to  convert  digitized  voltages  from  the  radar’s  IF 
to  corresponding  true  normalized  radar  cross  section  (NRCS) 
values. 

In  fig.  1,  a  typical  radar  image,  the  distributed  backscatter 
appears  to  have  a  very  “wavelike”  pattern,  and,  indeed,  the 
spectrum  of  this  pattern  has  been  shown  to  resemble  closely 
the  spectrum  of  sea  surface  elevation[9]. 

Close  examination  of  figures  like  this  one  show  that  the 
region  of  maximum  backscatter  on  each  wave  usually  occurred 
just  before  the  onset  of  the  shadow  zone  between  waves,  i.  e, 
at  or  near  the  crest  of  the  wave.  The  advancing  faces  of  the 
waves  generally  appeared  brighter  than  the  retreating  faces. 
The  azimuthal  maximum  value  for  the  NRCS  was  aligned  with 
the  wind  direction,  even  when  the  wind  and  wave  directions 
differed,  except  in  the  case  of  rapidly  shifting  wind  direction. 
The  median  NRCS  in  each  image  was  correlated  with  the  wind 
speed.  This  behaviour  is  shown  in  the  top  panel  of  fig.2. 

The  distance  from  the  radar  to  the  first  shadow  zone  in  the 
up-wave  or  down-wave  direction  was  correlated  with  the  wave 
height  as  measured  independently  by  a  surface  following  wave 
buoy.  The  distance  to  the  nearest  shadow  zone  was  usually 
shorter  in  the  up- wave  direction,  consistent  with  the  observation 
that  forward  faces  of  wind  waves  are  steeper  than  back  faces. 
In  the  bottom  panel  of  fig.2,  measurements  of  closest  shadows 
give  an  approximate  wave  height  of  2m,  and  an  asymmetry 
of  -0.1  (forward  face  steeper).  Visual  observations  at  the  time 
estimated  the  wave  height  at  2-3m,  and  noted  that  the  seas  were 
decaying,  and  assuming  a  more  sinusoidal  nature. 

“Sea  spikes”,  visible  as  points  of  high  intensity  in  fig.l,  were 
found  to  be  almost  exclusively  associated  with  the  brightest 


parts  of  the  distributed  backscatter,  L  e.  near  the  crests  of  the 
waves.  Their  intensity  was  seen  to  vary  with  wind  speed,  in¬ 
creasing  when  the  wind  became  stronger,  and  decreasing  when 
the  wind  weakened.  The  only  deviation  from  this  behaviour 
came  during  a  gale,  when  the  sea  was  covered  with  large  areas 
of  foam,  which  presumably  damped  the  spike-causing  breaking 
events. 

Plotting  the  cumulative  distribution  of  NRCS  values  on  a 
Rayleigh  probability  scale,  showed  that,  invariably,  two  sep¬ 
arate  populations  were  present  and  could  be  described  with 
individual  Weibull  models.  These  populations  are  evidently 
the  distributed  scatter  at  the  smaller  NRCS  values,  and  the  sea 
spikes  at  the  larger.  The  intersection  of  these  models  indicated 
the  percentage  of  sea  spikes  in  the  image,  typically  between 
5  and  10%.  These  plots  also  gave  directly  the  median  NRCS, 
and  the  1%NRCS  values.  The  1%  NRCS  value  has  been  shown 
[1]  to  be  a  stable  estimate  of  the  strength  of  the  largest  spikes. 
Fig.  3  shows  how  this  quantity  varies  with  the  wind  speed. 

Analysis  of  the  photographic  record  allowed  determination 
of  the  median  and  maximum  lengths  of  the  breaking  crests  of 
the  waves  present  in  the  corresponding  radar  images.  Results 
of  this  analysis  (fig.  3,  bottom),  show  that  the  maximum  crest 
length  is  much  more  highly  correlated  with  the  1%  NRCS  and 
the  wind  speed  than  is  the  median  crest  length. 

4.  CONCLUSIONS 

Intensity  variations  in  the  distributed  backscatter  along  the  faces 
of  the  waves  a  re  consistent  with  the  model  in  which  theprincipal 
modulation  mechanism  for  distributed  scatterers  is  a  capillary 
wave  concentration  at  the  crests  of  the  larger  gravity  waves 
caused  either  by  the  surface  wind  field,  or  hydrodynamic  insta- 
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Figure  3:  Observations  of  1%  NRCS  (top),  wind  speed  (middle) 
and  observed  breaking  crest  length,  L  (bottom)  at  10  times 
during  the  experiment. 

bility. 

The  agreement  between  variations  in  sea  spike  intensity, 
wind  speed  and  maximum  crest  length  offers  better  support 
to  the  cylindrical  plume  model  of  sea  spike  formation  than  the 
others  mentioned  earlier,  however,  there  are  some  discrepan¬ 
cies  in  the  detailed  application  of  this  model  which  will  require 
further  work  to  resolve. 

Other  aspects  of  these  measurements  show  that  shallow  graz¬ 
ing  incidence  microwave  backscatter  has  potential  for  the  es¬ 
timation  of  wind  speed,  wind  direction,  wave  height  and  the 
state  of  wave  development. 
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ABSTRACT 

The  spectral,  angular,  polariz¬ 
ing,  air  and  water  temperatures, 
sea  surface  waves  and  wind  featu¬ 
res  of  reflected  from  the  sea  sur¬ 
face  radar  signal  frequency  Dop¬ 
pler  shift  distribution  variance, 
sea  surface  radar  cross  section 
and  brightness  temperature  are 
considered.  The  method  and  device 
of  simultaneous  Doppler-radar  and 
cross-polarized  radiometer  sensing 
for  sea  surface  roughness  degree, 
wind  speed,  water  and  air  tempera¬ 
tures  determination  are  described. 

INTRODUCTION 

Radiothermal  radiation  of  the 
objects  of  nature  in  radio  frequ¬ 
ency  range  is  characterized  by 
brightness  temperature 
Reflective  properties  of  observed 
surfaces,  determining  the  intensi¬ 
ty  of  reflected  radiation,  are 
characterized  by  radar  cross  sec¬ 
tion  0  .  (®)  of  these  surfaces. 
Therefore,  to  solve  the  microwave 
remote  sensing  inverse-problem  it 
means  to  determine  the  values  of 
wanted  parameter  by  measured  valu¬ 
es  of  6.  .  (d)  and  or  their 

some  combinations.''  Since,  (O) 
and  T  . (d)  are  the  rather  comp¬ 
lex  function  of  many  variables,  it 
is  necessary  to  form  a  set  of  in¬ 
dependent  measurements  and  to  ex¬ 
clude  the  influence  of  other  fac¬ 
tors  by  their  giving  as  a  priori 
0-7803-3068-4/96$5.00©1996  IEEE 


information  or  by  choosing  of  cor¬ 
responding  conditions  for  6^^  (d) 
and  T  .  (®)  measurements  with'' tak¬ 
ing  into  account  the  polarising, 
angular  or  frequency  features  of 
them.  Difficulties  of  microwave 
remote  sensing  inverse  -  problem 
solution  are  consisted  in  necessi¬ 
ty  of  0  (0)  and  Tg^  (d)  absolute 
measurements,  so  as  any  relative 
measurements  carry  out  to  increas¬ 
ing  of  numbers  of  independent  mea¬ 
surements,  and  to  requirements  of 
using  of  supplementary  priori  in¬ 
formation  about  observed  objects. 
Therefore,  the  solution  of  micro- 
wave  remote  sensing  inverse  prob¬ 
lem  supposes  the  necessity  of  car¬ 
rying  out  of  multi-frequency,  mul¬ 
ti-channel,  multi-position,  pola¬ 
rizing,  circle  and  panoramic  ob¬ 
servations  .Today  's  methods  of  near 
surface  wind  speed  and  water  tem¬ 
perature  determination  are  subdi¬ 
vided  in  the  following  way:  gene¬ 
rally,  parameters  of  wind  field 
are  determined  by  radars  (side  lo¬ 
oking  radars,  scatterometers ,  Dop- 
pler-radars,  etc.),  and  sea  surf¬ 
ace  temperature  is  determined  by 
systems  of  infrared  or  microwave 
radiometers.  Thereat,  the  follow¬ 
ing  characteristics  of  measure¬ 
ments  accuracy  are  supposed:  ±2m/s 
and  1-1. 5K  for  wind  speed  and  wa¬ 
ter  temperature  respectively.  In 
fact,  these  accuracies  are  the  li¬ 
mits  of  the  possible  for  using  de¬ 
vices  and  existing  algorithms  of 
information  handling,  and  farther 
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improvement  of  these  accuracies 
does  not  connect  with  the  improve¬ 
ment  of  today's  using  devices  cha¬ 
racteristics,  which  are  suffici¬ 
ently  high.  Difficulties  of  wind 
speed  and  water  temperature  remote 
determination  accuracies  are  con¬ 
nected  with  difficulties  of  phy¬ 
sical  problem,  included  ambiguous 
solution  simultaneously  by  several 
independent  parameters. 

In  this  paper,  on  the  basis  of 
the  results  of  sea  surface  micro- 
wave  reflection,  proper  radiother- 
mal  radiation  and  backscattered 
radar  signal  Doppler  characteris¬ 
tics  spectral,  angular,  polariz¬ 
ing,  temperature  and  wind  changes 
theoretical  and  experimental  in¬ 
vestigations,  the  method  and  device 
of  near  sea  surface  wind  speed 
sea  surface  roughness  degree,  wa¬ 
ter  and  air  temperatures  simulta¬ 
neous  determination  is  developed. 

METHOD  OF  WIND  SPEED  AND  WATER 
TEMPERATURE  DETERMINATION 

The  absence  of  priori  informati¬ 
on  about  air  temperature  and  dif¬ 
ference  of  sea  wave  real  spectrum 
from  fully  developed  wind  wave 
condition  may  lead  to  sufficient 
mistakes  at  wind  speed  and  water 
temperature  determination  by  ra¬ 
dar,  radiometer  or  combined  radar- 
radiometer  sensing.  Really,  since, 
all  of  these  methods  are  connected 
with  sea  surface  radar  and  radio¬ 
meter  observations  at  nadir  (0  - 
25^)  or  (25^-85*^ )  angles,  when 
sufficient  contribution  in  abso¬ 
lute  values  of  and  (d) 
are  carried  by  difference  of 
air  t  and  water  t  temperatures 
and  by  sea  waves  long  structures, 
which  are  inert  to  the  fast  chan¬ 
ges  of  wind  speed,  then  to  incre¬ 
ase  the  accuracies  of  wind  speed 
and  water  temperatures  determina¬ 
tion  it  is  necessary  to  estimate 
by  oth^r  |jetj[iods  t^  and  the  vari¬ 
ance  m  {m  ;m  }  of  long  waves  slope 
distribution^  which  characterizes 
the  sea  surface  roughness  degree. 

As,  in  view  of  the  fact  that  the 
sea  surface  radar  cross  section 
and  brightness  temperature  are  the 


rather  complex  functions  of  such 
parameters  as:  radio  wavelength  A, 
incidence  angle  wind  speed  v  or 
its  equivalent,  ripples  height  va¬ 
riance  6^  ,  wind  direction  9,  wa¬ 
ter  and  air  temperatures,  long  wa¬ 
ves  slope  variance  m  ,  salinity  S 
and  polarization,  then  to  solve 
the  problem  of  wind  speed  and  wa¬ 
ter  temperature  determination  it 
is  necessary  to  solve  this  .set  of 
equations  at  least: 
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at  fixed  or  priori  known  values  of 
^-9  ;  and  S  =S 

However,  even  this  set  of  equati¬ 
ons,  that  suppose  bi-polarizing 
and  bi-position  radar  and  radiome¬ 
ter  sensing  of  sea  surface,  does 

not  allow  to  carry  out  the  neces¬ 
sary  estimation,  since,  it  has  not 
unambiguous  solution  on  parameters 
<5f,m^,t  and  t  .  Therefore,  it  is 


2  . 

.  ^  ,  m  ,  t^  V 

necessary  to  exclude  one  of  the 


equations  for  6.  .  (9)  and  to  sup¬ 
plement  the  set  with  another  inde¬ 
pendent  equation. 

The  results  of  [1]  have  shown, 
that  as  a  forth  independent  equa¬ 
tion  may  be  used  the  expression 
for  variance  6^  of  averaged  on 
resolution  cell^backscattered  ra- 
radar  signal  frequency  Doppler 
shift  distribution. 
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S(K.  >  is  the  wave  number  sea  spec¬ 
trum,  r^^-the  mean  geometric  radius 
of  resolution  cell  .ofn-surface  ten- 
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sion  coefficient,  p-water  density. 

Analysis  of  the  results  of  some 
theoretical  estimations  has  shown, 
that  unambiguity  of  the  set  of 
equations 

<5  ,t  ,m^,s  > 

IV  ^  'w  a’  s 

(?^(d)=/{A,d,^>,v,t  ,t  ,m^,S  > 

\7  ■  V  a  s 

,t  ,m^,S  }  (1) 

Bv  ^  T  V  a  s 

>  (2) 

Bn  ^  V  a  s 

2 

on  parameters  v,  t  ,  t  and  m  may 
be  provided  at  ^  ^  from  60^-  70^. 
This  is  conditioned  by  unambiguitv 
of  solution  of  equations  (i),  (2) 

on  parameters  (<J^;m^)  and  t^  at  a 
priori  known  values  of  t  =t'^  ,that 
is  provided  only  at  9  ^from  57^- 
75^. However,  the  choice  of  9  for 
measurements  of  .  (9  )  and  (5^  ) 

mav  be  carried  ouV  from  interval 
30  *“85  .  It  means,  thatt  at  radio¬ 
meter  measurements  data  comparison 
9  must  be  chosen  from  the  interval 
60‘^-70  ,  but  at  scatterometer  and 
Doppler  radar  measurements  data 
comparison,  9  may  be  chosen  from 
30‘^-85'^. 

In  Fig.l  a  block  diagram  of  Dop- 
pler-radar-  radiometer  system  for 
wind  speed  and  water  temperature 
remote  determination  is  shown. 
This  system  realizes  a  solution  of 
the  set  of  equations. 


where  T  and  T  are  the  briqht- 
ness  temperatures  of  Atmosphere  on 
the  sea  surface  and  antenna  le¬ 
vels,  T  is  the  value  of  Atmos¬ 
phere  optical  width. 

This  set  allows  at  v>v  .  (where 
V  .  =  2“3m/s  is  the  threshold  va- 

lijes  of  wind  speed  necessary  for 
sea  wave  generation)  simultaneous¬ 
ly  to  estimate  the  values  of  v, 
m  ,  t  and  t  .  At  v  <  v  ,  when 

..  w  -  a  .  .min  ... 

the  ripples  are  absent,  this 

system  allows  simultaneously  to 

estimate  the  values  of  m^ ,  t  and 

the  condition  v  <  v  ,  ^ 

mi  n 

CONCLUSION 

Thus,  we  have  developed  micro- 
wave  Doppler-radar  and  bi-  polari¬ 
zing  radiometer  method  and  system 
for  near  sea  surface  wind  speed, 
sea  wave  degree,  air  and  water 
temperatures  determination . 
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15-  Register,  T  are  real  values  of  brightness  temperature. 


AN  OFFSET  BETWEEN  SCATTEROMETER  DIRECTIONAL  ANISOTROPY  AND  WIND 
DIRECTION  ACROSS  THE  EQUATORIAL  PACIFIC  OCEAN 

Clifford  L.  Rufenach 

University  of  Colorado/CIRES,  Boulder  CO  80309-0449  USA 
email:clr@cdc.noaa.gov,  Tel.  (303)492-4988,  FAX:  (303)497-7013 


ABSTRACT 

The  functional  form  usually  employed  for  retrieving  global 
winds  ccffistrains  the  cross-sectional  maxima  into  lines  parallel  to 
the  wind.  We  propose  a  generalized  form  allowing  cross-section 
maxima  offset  from  these  streamlines.  We  fit  parameters  from 
these  two  models  using  collocated  ERS-1  spacecraft  scatterometer 
and  equatorial  buoy  measurements.  These  models  exhibit  similar 
residuals  but  different  directional  dependencies  for  each  of  three 
years.  Consequently,  neither  of  these  two  models  can  convincing 
be  identified  as  more  accurate  than  the  other  when  fit  ta  extensive 
measurements  unless  other  factors  are  considered.  For  example, 
the  generalized  model  exhibits  an  average  offset,  near  10°,  for 
each  of  these  years  lending  confidence  to  the  significance  of  this 
modeled  offset.  Equatorial  swell  systematically  oriented  at  an 
angle  to  the  local  prevailing  wind  could  cause  this  offset. 


INTRODUCTION 

Cross-sections  calculated  from  scatterometer  measurements 
have  been  related  to  radar  incidence  angle  0,  radar  polarization, 
and  mean  wind  speed  U  and  mean  wind-direction  (p. 

This  microwave  backscatter  increases  with  wind  speed  and  varies 
sinusoidally  with  wind-direction  due  to  Bragg  scattering  from 
centimeter-scale  waves.  The  short  wind-driven  waves  modified 
by  the  longer  waves,  are  not  necessarily  aligned  with  the  local 
wind.  Consequently,  the  cross-section  directional  anisotropy  due 
to  these  short  waves  is  not  necessarily  aligned  with  the  wind- 
direction.  We  investigate  two  models  with  and  without  a  cross- 
sectional  angular  offset. 

The  cross-section  measurements  exhibit  maxima  near  the 
upwind  and  downwind  directions  and  minima  near  the  crosswind 
directions.  In  the  past  some  workers  have  suggested  the  maxima 
occur  along  the  wind  streamlines.  We  believe  these  maxima  are 
nearly  aligned  with  the  streamlines  on  some  occasions  but  not  on 
others.  Li  et  al.  [1]  analyzed  the  alignment  of  the  minima  but  not 
the  maxima.  We  suspect  the  maxima  have  similar  scatter  relative 
to  the  streamlines  as  the  minima. 

The  cross-section  also  depends  on  a  number  of  secondary  ocean 
parameters  including:  boundary  layer  stability,  surface  tension  and 
water  viscosity.  Several  workers  have  examined  the  modification 
of  Bragg  waves  by  long  waves;  although,  only  the  wind  speed 
dependence  have  been  reported;  see,  e.  g.,  [2-3].  We  believe  the 
orientation  of  the  long  surface  waves  can  cause  an  offset  in  the 
cross-section  directional  anisotropy  relative  to  the  streamlines. 


dB)  and  the  near-surface  wind  vector  (U,  (p)  is  of  the  form. 


N 

[y4^cos«(p  +  5„sin«(p] 

n=l 


(1) 


where  N  is  usually  taken  as  2,  <0^(0  ,U)>  denotes  the  wind  speed 
portion  of  the  m^el  (angular  brackets  denote  averaging  over  all 
directions)  and  the  remaining  terms  denote  the  wind-direction 
dependence,  (p  denotes  the  wind-direction  relative  to  the  antenna 
look-direction  (i.  e.,  (p  =  0°  corresponds  to  a  wind-direction 
blowing  toward  the  antenna  when  B^=  0).  Two  simplifications  of 
(1)  have  been  employed  for  fitting  directional  models  to  the 
scatterometer  measurements.  These  two  models  are  denoted:  (a) 
the  aligned  model  and  (b)  the  offset  model  given  respectively  by, 

2 

COS  n(p]  (2) 

n  =  l 


where  o^,(^)  =  0^  -  <0^,(0,  U)>  is  an  even  fimction  of  (J)  in  (2)  and, 

=  E 

n-l  (3) 

C„  COS  «({p  - 


where  C„  =  (A„^  +  B„^),  tan(n4)  J  =  B^A^  and  denotes  the 

angular  offset  when  n  =  2  provided  the  contribution  due  to  n 
=  1  is  small  compared  to  n  =  2.  The  n  =  1  terms  are  usually 
small  for  vertical  polarization  at  both  C-band  and  Ku-band. 
Modifications  of  (2)  are  investigated  by:  (a)  adding  a  third- 
order  cosinusoidal  terms  in  (2)  denoted  modified  model  and,  (b) 
adding  sinusoidal  terms  in  (2)  resulting  in  a  cross-section 
maxima  and  minima  offset  from  both  the  streamlines  and 
crosswind  lines;  respectively,  see  (3). 

The  addition  of  a  third  order  term  in  (2)  is  given  by. 


GEOPHYSICAL  MODEL 

A  general  model  relationship  between  the  cross-section  (in 
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3 

0<,(4>)  =  E  cos  «(p  (4) 

n  =  \ 


The  expressions  (2),  (3),  and  (4)  give  the  functional  form  of 
models  previously  employed  by  others. 


MODEL  AND  MEASUREMENT  COMPARISON 

The  ERS-1  scatterometer  measurements  were  collocated  within 
±25  km  of  the  equatorial  Pacific  TAO  (Tropical  Atmosphere 
Ocean)  buoys  for  the  calendar  years  1992,  1993  and  1994.  A 
description  of  this  collocation  technique  and  the  measurement 
accuracy  is  given  in  [4].  The  hourly  buoy  wind  speed  and 
direction  at  a  height  of  4  m  above  the  ocean  surface  are  employed 
in  conjunction  with  the  scatterometer  measurements  in  all  mc^el 
fits. 

The  aligned  and  offset  models  are  based  on  either  two  or  four 
adjustable  parameters  for  the  wind-direction.  The  wind  speed 
portion  of  the  model  is  based  on  six  adjustable  parameters  valid 
for  U  >  3  m/s  employing  an  exponential  form  developed  in[4]. 
The  smallest  residuals  for  the  three  data  sets  was  obtained  during 
1994  using  10,236  collocated  measurements.  We  select  this  data 
set  for  detailed  analysis. 

The  adjustable  parameters  for  the  wind-direction  portion  of  the 
model  are  given  in  Table  1.  The  aligned,  modified  and  offset 
models  are  fit  using  (2),  (3)  and  (5)  denoted  by  2  parameters,  3 
parameters  and  offset  model,  see  Table  1.  The  additional 
coefficient  aj  is  numerically  small.  Therefore,  we  compare  the 
ahgned  model  given  by  (2)  and  the  offset  model  given  by  (3).  The 
individual  measurements  and  these  two  models  are  displayed  in 
Figure  1.  The  angle  in  the  offset  model  (|)^  is  near  1 1°  and  the 
minima  angle  in  the  aligned  model  is  near  =  ±0.2’'.  The 
adjustable  parameters  are  all  statistically  significant .  That  is,  both 
models  are  fit  to  this  data  with  similar  residuals.  However,  the 
offset  model  exhibiting  slightly  smaller  residuals;  i.  e.,  the  RMS 
deviations  are  1.00  dB  and  1.06  dB  based  on  the  offset  and 
aligned  models,  respectively.  We  note  these  models  exhibit 
similar  fits  but  show  substantially  different  directional 
characteristics. 

The  other  two  data  sets,  1992  and  1993,  also  exhibit  similar 
characteristics;  the  yearly  average  offsets  varying  fi*om  9°  to  1 U. 
More  precisely,  the  offset  model  exhibits  slightly  smaller  residuals 
(scatter)  than  the  aligned  model  but  different  directional 
characteristics. 

This  offset  could  be  caused  by  the  swell  orientation  relative  to 
the  prevailing  wind  [6]  itself  or  the  swell  modification  of  the 
wind-driven  waves  in  a  preferential  way,  such  that  the  wind- wave 
crests  tend  to  be  offset  toward  the  swell  crests.  That  is,  limited 
measurements  show  that  these  waves  can  be  offset  fi-om  the  wind 
by  10°  to  20°  with  the  sense  (clockwise  or  counter-cloclwise 
dependent  on  the  swell  orientation  [5].  This  mechanism  could  be 
more  realistic  since  the  inferred  cross-section  offset  is  the  same 


order.  The  wind-driven  waves  in  the  equatorial  Pacific  are 
characterized  by  dominant  wavelengths  of  say  20  m  to  40  m 
because  the  average  and  maximum  wind  are  only  about  5  m/s  and 
10  m/s.  These  intermediate  dominant  waves  must  modify  the  short 
Bragg  waves.  Further  discussion  of  these  mechanisms  is  beyond 
the  scope  of  the  present  work. 

Spacecraft  scatterometer  algorithms  have  mostly  used  a 
geophysical  model  based  on  the  aligned  model.  Therefore,  the 
inferred  offset  based  on  equatorial  buoy  measurments  is  a  new 
tenative  result  employed  in  one  oceanic  region  which  means  this 
functional  form  may  not  be  needed  in  other  oceanic  regions. 

We  examine  possible  biases  in  cross-section  due  to  the 
directional  form  based  on  the  offset  and  aligned  models.  These 
two  forms  are  applied  to  the  model  fits  across  the  equatorial 
Pacific  during  1994.  An  average  offset  of  about  11°  has  been 
inferred  fi-om  this  data  set.  Therefore,  the  aligned  model  could 
underestimate  the  magnitude  of  the  directional  modulation.  These 
modulations  are  Cj  =  1 .36  dB  and  a2  =  1 .3 1  dB  for  the  offset  and 
aligned  models,  respectively.  We  note  a  small  decrease  in  the 
modulation  (bias)  as  expected  in  the  aligned  form  result  compared 
tothe  offset  result.  Similar  biases  were  inferred  for  the  1992  and 
1993  data  sets. 
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TABLE  1  EQUATORIAL  MODEL  DIRECTIONAL  PARAMETERS  FIT  BASED  ON 
COLLOCATED  ERS-1  AND  BUOYS  MEASUREMENTS  DURING  1 994* 


(al  ALIGNED  MODEL  PARAMETERS 


NUMBER  OF 
PARAMETERS 

ai 

as 

RMS  dev. 

(dB) 

(dB) 

(dB) 

(dB) 

n 

2 

-0.219 

1.31 

1.07 

0.2 

3 

-0.209 

1.31 

-0.117 

1.06 

(b)  OFFSET  MODEL  PARAMETERS 

Ai 

A2 

B, 

c; 

RMS  dev. 

<l>o 

(dB) 

(dB) 

(dB) 

(dB) 

(dB) 

(dB) 

(°) 

-0.268 

-0.118 

1.27 

0.487 

1.36 

1.00 

11.5 

*  10,236  measurements. 
*C5'  =  A,"  +  Bj’. 


Figure  1 .  Rectangular  plot  of  equatorial  Pacific  measurements  during  1 994  and  the  aligned  and  offset  model  fits  to  these  measmements. 
The  relatively  large  scatter  in  the  data  points  implies  that  either  model  can  be  fit  to  the  measurements.  The  two  models  show  significant 
different  cross-sections  variation  with  wind-direction  up  to  about  0.5  dB  difference 
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Abstract  --  The  European  Community  has  focused  on  the 
development  of  human  resources  one  of  the  main  goal  to  be 
achieved  for  the  improvement  of  our  society.  This  idea,  as 
stated  by  J.  DeLors,  considers  educational  and  training 
activities,  as  a  whole,  among  the  main  tasks  of  the  European 
Community.  In  this  scenario  the  Tuscany  Region  wants  to 
play  a  leading  role  and  has  issued  a  regulation  to  discipline 
the  activities  in  the  field  of  vocational  training  activities  by 
defining  a  global  frame  concerning  both  objectives  and 
organization. 

At  the  same  time,  the  social  growing  cannot  be  split  up 
from  the  safeguard  of  our  environment:  in  this  sense  one  of 
the  most  important  aspects  is  the  developing  of  curricula  and 
educational  methodologies  for  the  Monitoring  and  Control  of 
the  Environment  (MCE),  that  can  be  able  to  put  remote 
sensing  and  geoscience  products  and  knowledge  together 
with  advanced  learning  technologies. 

In  the  MCE  field  a  non-profit  organization,  PIN  -  Centro 
Studi  Ingegneria,  acts  as  a  C.I.R.  in  Tuscany  region  having 
been  charged,  for  its  specific  knowledge  in  the  field  of 
geoscience  and  remote  sensing,  to  operate  as  a  reference 
center  for  the  development  of  training  activities  in  the  field 
of  environmental  monitoring  and  Remote  Sensing. 

One  of  the  main  goals  of  the  C.I.R.  of  Prato  is  the 
achievement  and  sharing  of  these  methodologies  in  Italy  and 
in  the  European  Union.  For  this  purpose  educational  tools 
are  going  to  be  realized,  as  multimedia  software,  educational 
supports  for  self  learning  and  remote  educational  techniques 
based  upon  the  telematics  network  existent  for  the 
interconnections  of  Universities  and  other  educational 
centers  in  Tuscany  region. 

In  this  paper  the  main  activities  and  the  first  results  of 
educational  projects  are  presented 


THE  ROLE  OF  RS  IN  THE  ACTIVITIES 
OF  TUSCANY  REGION 

As  assessed  by  several  statements  of  the  EU  [I],  in  the 
field  of  the  Vocational  Training,  one  of  the  main  aspects  we 
have  to  consider  for  a  correct  development  of  human 
resources,  is  to  find  a  kind  of  vocational  training  which 
could  be  able  to  solve  the  trade-off  between  two  opposite 
needs.  The  first  is  to  give  people  a  high  specialization,  the 
second  is  to  give  them  a  high  capability  to  convert  quickly 
their  own  know-how  in  order  to  follow  the  ever  changing 
rhythms  of  the  labour  market. 
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These  needs  are  often  in  contrast  with  a  school 
background,  at  a  basic  but  also  at  University  level,  that 
generally  does  not  follows  rapidly  with  difficulty 
technological  changes  but  even  less  the  employment’s 
requirements. 

In  this  scenario  is  therefore  necessary  to  propose 
vocational  training  activities  which  can  offer  to  unemployed 
people  a  real  chance  of  finding  a  job  in  the  particular  (even 
in  geographic  sense)  occupational  context,  but  nevertheless 
the  educational  content  quality  should  a  high  one,  in  order  to 
ensure  to  the  employed  people  their  knowledge  to  be  always 
up  to  date. 

The  Tuscany  Region  has  decided  to  invest  a  considerable 
part  of  its  budget  in  vocational  training  activities,  in  the 
different  fields  of  economic  interest  present  in  Tuscany,  such 
as  tourism,  handicrafts  and  industry. 

Furthermore,  in  its  development  guidelines,  the  Tuscany 
Region  has  decided  to  try  itself  in  some  non  traditional 
sectors  of  economy,  in  particular  the  Environment.  The 
environment  should  be  regarded  as  an  economic  resource  to 
be  safeguarded  and  developed.  In  this  context  we  can  focus 
two  main  fields  of  interest:  the  first  is  devoted  to  the 
management  of  environmental  heritage  (of  particular 
interest  in  Tuscany)  i.e.  by  the  institution  of  new  Parks,  and 
a  more  efficient  management  of  the  existing  ones.  The 
second  is  more  linked  to  specific  problems  in  the  field  of  the 
RS,  for  the  MCE.  In  order  to  exploit  in  a  correct  way  this 
resource,  it  is  necessary  to  adopt  specific  professional 
figures,  able  to  easily  pass  from  decisional  aspects  to  hard 
technological  problems. 

In  order  to  develop  this  kind  of  professional  figure,  the 
Tuscany  Region,  following  the  EU  suggestions  in  the  field  of 
vocational  training  activities,  has  set  up  some  Centers  of 
Regional  Interest  (C.I.R.)  for  the  professional  activities:  one 
of  them,  in  particular,  the  PIN  -  Centro  Studi  Ingegneria 
(Prato)  is  specifically  devoted  to  the  activities  in  the 
environmental  field. 


THE  ACTIVITIES  OF  C.I.R.  FOR  THE  ENVIRONMENT 

In  order  to  ensure  a  reference  frame  for  training  activities, 
the  Tuscany  Region  has  approved  a  specific  law  (n°  70,  Sep. 
94  [2])  setting  up  some  Centers  (C.I.R.)  whose  task  is  to  feed 
and  support  the  qualifying  processes  for  training  activities, 
by  operating  with  reference  to  definite  economic  sectors  or 
homogeneous  professional  groups.  In  addition  to  training 
activities  is  furthermore  it  has  been  established  that  these 
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Centers,  should  develop  experimental  activities  and  applied 
researches. 

In  the  Environmental  field  a  C.I.R.  is  operated  by  the  PIN 
-  Centro  Studi  Ingegneria  which  is  located  in  Prato.  This 
new  institution,  operating  in  agreement  with  the  Universities 
of  Florence,  Pisa  and  Siena,  has  among  its  institutional 
purposes  the  development  of  an  integration  between 
vocational  training  activities  and  University  educational 
system;  in  this  sense  an  outstanding  example  is  represented 
by  the  setting  up  of  a  unitary  system  for  regional  tele 
learning  based  upon  three  high  speed  Metropolitan  Area 
Networks  (MAN)  linked  over  the  regional  territory(Fig.  1). 


The  PIN  -  Centro  Studi  Ingegneria  has  high  technology 
available  for  its  tasks,  such  as  real  time  multisensor  data  for 
Environmental  Control  purposes,  particularly  for  evaluation 
and  managing  of  hydrogeological  hazard. 

For  RS  activities  at  PIN's,  a  RS  station  is  present  for 
direct  receiving  and  analysis  of  data  coming  from  Meteosat 
and  NOAA  series  satellites,  and  furthermore  a  direct  radio 
link  with  a  meteorological  radar  station  which  is  located  in 
the  middle  of  Tuscany. 

The  direct  connection  to  the  Tuscany  MAN  makes 
possible  high  speed  link  with  technological  resources 
available  in  the  other  research  Laboratories  in  Tuscany. 

As  to  vocational  training,  the  PIN  has  planned  a  series  of 
activities  to  be  carried  out  from  1995  to  1998,  with  specific 
tasks  in  technical  and  professional  sectors  (vertical 
competencies)  and  in  the  basics  for  the  development  and 
support  of  educational  activities  (horizontal  competencies)  as 
well. 

Among  the  main  aspects  of  these  activities  we  can 
mention: 

•  the  systematic  development  of  advanced  research  in  the 
MCE  and  RS 

•  the  use  of  innovative  educational  methodologies  such  as 
tele  learning  and  multimedia  technologies 


•  the  institution  of  innovative  professional  profiles  in  the 
environmental  field 

•  services  and  consultancies  for  the  Public 
Administration 

In  Fig.  2  a  schema  regarding  project  activities  of  C.I.R.  is 
reported  focusing  the  different  areas  of  application. 

It  is  important  to  stress  how,  for  any  sector  of  interest,  one 
of  more  project  is  in  progress  or  just  terminated. 

For  the  project  activities  we  can  individuate  these  main 
topics: 

•  development  of  multimedia  methodologies  and 
educational  support 

•  systematic  development  of  educational  paths 

•  leading  projects  in  the  environmental  fields,  both  for 
MCE  and  RS 

•  leading  projects  for  tele  education  and  tele  training 

As  this  work  is  presented  about  30  projects  the  in 
environmental  field  -  at  different  levels,  from  regional  to 
European  -  are  in  progress  having  PIN  in  a  leading  role  both 
for  applied  research  and  education. 


Other  Courses 


Fig.2  -  A  scheme  of  C.LR.’s  activities 

RESULTS  FROM  THE  MONICA  PROJECT. 

As  a  result  we  can  refer  to  one  project,  just  terminated  for 
its  first  phase,  that  has  carried  out  interesting  results,  the  so 
called  MONICA  that  has  led  to  the  development  of 
experimental  educational  methodologies  in  the  field  of  RS 
and  MCE  in  which  who  is  writing  has  been  deeply  involved. 

For  the  design  of  this  project  two  guidelines  have  been 
focused: 

•  the  need  of  defining,  in  an  organic  way,  the  educational 
activities  in  the  different  areas  of  environmental 
interest  and,  in  particular,  those  regarding  water,  air 
and  soil 

•  the  design  and  implementation  of  innovative 
educational  methodologies  (such  as  CD-ROM, 


818 


multimedia,  auto  learning...)  to  give  an  effective 
support  to  the  activities  for  training  and  professional 
qualification  for  subject  employed  in  the  environmental 
field 

The  educational  program  has  been  designed  for  subjects  - 
employed  and  unemployed  as  well  -  to  whom  a  high 
specialization  is  addressed  in  the  MCE  and  RS  field,  such  as 
operators  in  the  Public  Administration. 

Four  courses  have  therefore  been  designed  in  cooperation 
with  the  Universities  of  Florence,  Pisa  and  Siena  (with  the 
contribution  of  Elea  F.P.),  about  this  subjects: 

•  Management  of  water  cycle 

•  Management  of  hydrogeological  resources 

•  Monitoring  of  air  pollution 

•  Monitoring  of  pollutant  transfer  on  large  scale 

The  educational  contents  for  this  courses  have  been 
transferred  on  a  CD-ROM  (Fig.  3)  exploiting  multimedia 
capabilities  such  as  sound  and  animation. 

These  courses  have  then  been  held  from  December  1995 
to  February  1996,  with  classes  At  about  12  students, 
alternating  traditional  teaching  methodologies  (with  a 
teacher  present  in  the  classroom)  and  innovative 
methodologies  of  learning,  i.e.  based  upon  CD-ROM 
supported  or  not  by  a  tutor. 


Fig.  3  -  A  sample  from  CD-ROM  for  MONICA 


In  order  to  estimate  the  degree  of  effective  learning  and 
the  appreciation  of  students  with  regard  to  these 
methodologies,  evaluating  tests  have  been  carried  out. 

A  crossed  estimation  of  the  results  has  pointed  out  that,  in 
spite  of  the  peculiarity  of  the  courses,  learning  and 
appreciation  have  been  so  satisfactory  that  this  project  will 
flow  into  new  courses  in  collaboration  with  the  Tuscany 
Region. 


CONCLUSIONS  AND  PERSPECTIVES 

The  Tuscany  Region  has  considered  environmental 
monitoring  and  remote  sensing  as  the  pillars  of  the 
vocational  training.  In  this  context  the  PIN  has  been  set  up 
in  1995  as  a  Center  of  Regional  Interest  in  solving  all  those 
problems  in  relationship  to  the  environmental  field. 

In  this  first  year  the  educational  training  activity  from 
1995  to  1998  has  been  planned:  it  takes  into  account  30 
projects  at  a  regional  and  a  European  level. 

As  to  certain  projects,  the  first  phase  has  already  been 
achieved,  at  the  end  of  which  we  have  observed  a  high 
degree  of  appreciation  towards  the  contents  of  these  training 
courses. 

As  to  the  future,  the  other  training  projects  are  in 
progress.  One  of  the  most  relevant,  in  the  field  of  RS  is  the 
so  called  METEOSSE,  whose  tasks  are  the  design  and  the 
implementation  of  courses  in  the  field  of  meteorological 
observations,  based  upon  the  use  and  the  integration  of 
multisensor  data  coming  from  advanced  sensors  for  RS 
(radar,  satellite,  and  so  on).  One  of  the  main  goals  of  this 
project  is  to  define  professional  profiles  to  be  employed  in 
the  field  of  the  advances  of  MCE  and  RS. 
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A  Remote  Sensing  Core  Curriculum  (RSCC)  development 
project  is  currently  underway.  This  project  is  being  conducted 
under  the  auspices  of  the  National  Center  for  Geographic 
Information  and  Analysis  (NCGIA).  RSCC  is  an  outgrowth 
of  the  NCGIA  GIS  Core  Curriculum  project.  It  grew  out  of 
discussions  begun  at  NCGIA,  Initiative  12  (1-12): 

"Integration  of  Remote  Sensing  and  Geographic  Information 
Systems".  1-12  participants  stressed  the  need  for  up-to-date 
classroom  materials  to  stimulate  remote  sensing  education  in 
our  colleges  and  universities.  This  curriculum  development 
project  focuses  on  providing  professors,  teachers  and 
instructors  in  undergraduate  and  graduate  institutions  with 
course  materials  from  experts  in  specific  subject  matter  for 
areas  use  in  the  class  room. 

Currently,  curriculum  materials  are  being  developed  for  four 
courses:  1.  Aerial  Photographic  Interpretation;  2.  Remote 
Sensing  of  the  Environment;  3.  Introductory  Digital  Image 
Processing;  and  4.  Remote  Sensing  Applications.  Each 
course  in  the  curriculum  will  be  composed  of  approximately 
25  separate  lecture  modules.  The  modules  for  the 
applications  of  remote  sensing  can  also  be  employed  in 
support  of  the  other  three  courses.  Experts  from  around  the 
United  States  are  contributing  materials.  Classroom  testing 
of  these  materials  will  occur  in  the  1996/97  academic  year  and 
the  curricula  will  be  ready  for  dissemination,  at  the  cost  of 
reproduction  by  NCGIA  in  the  summer  or  1997. 

The  RSCC  project  is  coordinated  by  Dr.  Timothy 
Foresman  of  the  University  of  Maryland,  Baltimore  County. 
Funding  for  the  project  is  being  provided  by  a  number  of 
organizations  including  among  others:  The  National 
Aeronautics  and  Space  Administration  and  EOSAT 
Corporation.  Project  steering  committee  members  come 
from  academic  institutions  across  the  United  States  and 
EOSAT.  These  academic  institutions  include:  The  University 
of  California,  Santa  Barbara;  the  University  of  Maryland, 
Baltimore  County;  Clark  University;  Georgia  Tech;  The 
University  of  South  Carolina;  and  the  Desert  Research 
Institute  of  the  University  of  Nevada,  Reno. 
0-7803-3068-4/96$5.00©1996  IEEE 


Creation  of  a  “Remote  Sensing  Core  Curriculum” 
represents  a  logical  extension  of  the  National  Center  for 
Geographic  Information  and  Analysis’s  activities  towards 
establishing  curriculum  materials.  Creation  of  this 
curriculum  an  outgrowth  of  ASPRS  Education  Committee 
activities;  but  more  directly  NCGIA  research  initiative  #12 
titled  “Remote  Sensing  and  Geographic  Information 
Systems.”  This  initiative,  identified  the  “urgent  need  for 
educational  materials  stressing  the  integration  of  remote 
sensing  and  GIS”  [1].  At  this  time  Dr.  Arturo  Silvestrini, 
president  of  EOSAT,  approached  Dr.  John  Estes  with  an  offer 
of  support  to  initiate  a  remote  sensing  core  curriculum.  With 
EOSAT’ s  sponsorship,  a  meeting  was  held  in  September, 
1992,  and  a  steering  committee  of  university  and  industry 
specialists  established  to  develop  the  Remote  Sensing  Core 
Curriculum  program.  This  steering  committee  generated  a 
conceptual  framework  for  a  national  and  international  remote 
sensing  education  curriculum  that  was  presented  to  the 
ASPRS  membership  [1].  A  set  of  eleven  core  courses  was 
suggested  to  represent  the  fundamental  topics  for 
comprehensive  education  in  the  discipline  and  technologies  of 
remote  sensing.  These  include:  Introduction  to 

Electromagnetic  Energy  Theory;  Airphoto/Photogrammetry; 
Overview  of  Remote  Sensing  for  the  Environment;  Remote 
Sensing  Field  Techniques;  Thermal  Infrared  Remote  Sensing; 
Microwave  (Active  and  Passive)  Remote  Sensing; 
Introductory  Digital  Image  Processing;  Advanced  Digital 
Image  Processing;  Interface  of  Remote  Sensing  and  GIS; 
Remote  Sensing  Applications;  and  Database  Development. 

As  a  practical  matter  the  steering  committee  selected  a  set 
of  four  high  priority  topics  with  principal  volume  authors  for 
initial  emphasis.  It  was  envisioned  that  each  volume  would 
have  approximately  15  lecture  modules  developed  in 
cooperation  with  contributing  author/experts. 

•  Vol.  1.  Airphoto/Photogrammetry  -  Star  (deceased 
1994),  Estes,  and  Jensen. 

•  Vol.  2.  Overview  of  Remote  Sensing  for  the 
Environment  -  Cary,  Estes,  and  Faust. 
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•  VoL  3.  Introductory  Digital  Image  Processing  -  Jensen, 
Faust,  and  Eastman. 

•  VoL  4.  Remote  Sensing  Applications  -  Foresman, 
Eastman,  Cary,  and  Shupin. 

A  proposal  was  submitted  in  1994  to  the  National 
Aeronautic  and  Space  Administration's  (NASA)  Office  of 
Mission  to  Planet  Earth  (MTPE)  seeking  development 
funding  for  the  initial  four  volumes  listed  above  [2].  A  two- 
year  award  was  granted  by  NASA  MTPE  in  May  of  1995  to 
create  the  “NCGIA  Remote  Sensing  Core  Curriculum." 
Currently  the  program  is  focused  on  development  of  the  draft 
volumes  with  an  expected  beta-testing  release  date  of  early 
summer  1996.  An  operational  release  date  for  all  four 
volumes  is  summer  1997. 

The  academic  community  targeted  by  the  Remote  Sensing 
Core  Curriculum  encompasses  the  variety  of  engineering, 
Earth  science,  life  science,  and  social  science  departments  that 
represent  the  multidisciplinary  community  interested  in 
remote  sensing  technology  and  applications  [3,  4,  5,  6,  7]. 
Instructors  from  agronomy,  biology,  ecology,  geography, 
geology,  soils  and  Earth  science,  marine  biology,  and 
oceanography  can  expect  to  incorporate  the  RSCC  materials 
into  their  own  lectures.  This  approach  provides  a  robust  set 
of  resources  to  any  specific  or  hybrid  discipline  dealing  with 
Earth’s  surface  and  human  interaction  phenomena. 

The  development  of  any  curriculum  materials  at  the 
collegiate  level  must  anticipated  some  level  of  academic 
background  on  the  part  of  the  student.  RSCC  materials  are 
being  developed  so  that  students  with  a  basic,  general  science 
background  can  begin  the  sequence  of  courses.  This  general 
science  background  would  include  basic  biology,  chemistry 
and  physics  along  with  math  to  the  level  of  beginning 
calculus.  Due  to  the  varying  nature  of  exposure  of  today’s 
students  to  differential  and  integral  calculus,  however,  where 
ever  possible  materials  and  exercises  will  present 
mathematical  concepts  in  algebraic  form.  While  many  of  the 
courses  in  the  RSCC  will  build  upon  one  another,  they  need 
not  be  taken  in  strict  sequence.  It  is  generally  recommended 
that  the  students  enter  through  the  air  photo  interpretation/ 
photogrammetry  or  Introduction  to  Remote  Sensing  courses. 

The  educational  setting  for  which  this  sequence  is  designed 
is  somewhat  of  a  shifting  target.  The  assumptions  for 
distribution  of  RSCC  materials  have  been  in  a  constant  state 
of  change  since  the  first  meetings  of  the  steering  committee 
in  1992.  We  have  shifted  from  pseudo  static  printed  media, 
to  a  discussion  of  CD  ROMS,  to  a  dynamically  updated 
Internet  medium  with  printed  text  support.  Today,  University 
faculty  access  to  the  Internet  is  almost  universal.  This 
ability,  to  acquire  data  over  the  Internet,  marks  a  significant 
change  in  the  manner  in  which  we  as  educators  can  access 
remote  sensing  data  and  information  for  use  in  the  classroom. 
While  computing  resources  many  vary  significantly  from 
campus  to  campus,  both  nationally  and  internationally  [8], 


the  Internet  medium  has,  for  the  purposes  of  this  effort, 
dampened  this  disparity  in  educational  resources.  Basically, 
the  Internet  has  helped  to  make  the  data/information  access 
playing  field  a  little  more  level.  There  is,  however,  still  a 
significant  range  in  performance  capabilities  and  Internet 
interface  software  at  the  university  workstation  level  (UNIX, 
PC,  and  Macintosh).  This  variation  in  performance 
capabilities  may  impact  the  ease  with  which  faculty  may 
access  and  use  RSCC  resources. 

The  development  of  the  four  courses  which  make  up  the 
initial  RSCC  offering  can  be  monitored  by  accessing  the 
RSCC  Homepage  at:  http//www.umbc.edu.rscc.  Each 
volume  under  development  will  eventually  contain  some  20- 
25  lecture  outlines  (referred  to  as  modules).  These  modules 
maybe  in  either  outline  or  text  form.  It  should  be  noted  here 
that  RSCC  materials  are  not  a  text  for  a  course  in  any  of  the 
subjects  covered,  they  are  to  be  used  by  instructors  to  enrich 
their  lectures  with  materials  and  presentation  flows  employed 
by  recognized  experts  in  the  field  covered  by  that  particular 
module.  The  modules  cover  the  topic  in  each  course  in  the 
sequence  that  would  normally  be  followed  by  an  instructor. 
Many  of  the  modules  are  being  developed  by  recognized 
experts  who  have  responded  to  advertised  solicitations  for  the 
input  of  materials.  Again,  topic  module  may  be  in  outline  or 
text  form  and  they  contain  selected  references  and  graphics 
along  with  excercises  where  appropriate;  hopefully,  providing 
additional  resources  to  instructors  trying  to  cover  a  wide  range 
of  topics  interdisciplinary  subject  matter  in  these  courses. 

A  critical  requirement  to  understanding  the  the  principles 
and  methodologies  of  remote  sensing  is  access  to  excercises 
and  applications  that  build  upon  and  reinforce  the  knowledge 
base  of  student  which  they  have  gained  through  lectures. 
RSCC  Excercise  are  being  formatted  through  the  the 
resources  of  the  Idrisi  project  at  Clark  University.  Each 
excercise  and  application  module  containing  remotely  sensed 
data  and  ancillary  field  data  sets  will  be  tested  for  performance 
at  downloading  via  the  Internet  and  operated  on  computing 
platforms  typically  found  in  university  departments  (i.e., 
operating  system:  DOS,  Windows,  Macintosh  and  UNIX). 
Our  goal  is  to  provide  RSCC  u  with  the  tools,  techniques  and 
methods  necessary  to  convert  the  volume  excercises,  and 
accompanying  remote  sensing  data  into  their  university’s 
existing  software  environment. 

Principals  with  NASA  MTPE’S  Educational  Programs 
Office  have  outlined  a  policy  oriented  towards 
interconnections  and  coordination  among  its  sponsored  grant 
activities.  RSCC  has  initiated  communication  with  a  variety 
of  Earth  science  and  remote  sensing  education  programs. 
Most  of  these  programs  are  for  a  general  audience,  targeting 
the  K-12  education  community.  A  few  of  these  programs 
target  high  school  and  junior  college  levels.  Industry  and 
commercial  vendor  information  will  become  an  integral  part 
of  the  RSCC  Homepage  to  facilitate  access  to  remote  sensing 
information  and  software  support  resources.  This  information 
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can  assist  faculty  in  making  informed  decisions  on  the 
performance  characteristics  of  software,  hardware  and 
peripherals,  as  well  as  digital  data  products  appropriate  to 
university  settings.  The  remote  sensing  business  community 
has  been  very  supportive  in  the  past  of  continued  education 
and  training.  Major  industry  leaders,  such  as  EOSAT 
(Lanham,  MD),  ESRI  (Redlands,  CA),  and  Intergraph 
(Huntsville,  AL),  have  fully  endorsed  the  RSCC  since  is 
inception  [2].  Recently,  many  other  software  vendors  such  as 
ERDAS  Corp  (Atlanta,  GA),  PCI  Inc.  (Toronto,  Canada)  and 
ER  Mapper  (San  Diego,  CA)  have  pledged  their  support  to 
help  the  RSCC  a  successful  international,  collegiate 
educational  program. 

In  the  era  of  Mission  to  Planet  Earth’s  Earth  Observing 
System  and  the  tremendous  growth  in  commercial  remote 
sensing  systems,  the  need  for  highly-trained  professionals 
becomes  paramount  for  the  health  and  viability  of  the  remote 
sensing  community.  The  Remote  Sensing  Core  Curriculum 
is  attempting  to  provide  state-of-the-practice  resource 
materials  and  curriculum  guidance  to  reach  the  nation’s,  as 
well  as  international,  universities  and  colleges  that  might  not 
otherwise  have  the  resources  necessary  to  meet  this  increasing 
educational  demand.  The  remote  sensing  demand  has  been 
well  documented  [9,  10,  1 1]  and  can  only  be  expected  to  rise 
as  new  discoveries  and  results  from  the  orbiting  satellite 
platforms  reach  the  scientific  community.  Access  to  advanced 
computing  technology,  and  the  paradigm  shift  in 
communications  afforded  through  the  Internet,  offer 
impressive  opportunities  to  reach  the  broad  national  and 
international  collegiate  audiences.  Under  the  capable 
management  of  ASPRS,  the  RSCC  can  be  expected  to 
provide  a  major  foundation  for  tomorrow's  technology  leaders. 
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What  kind  of  images  do  I  need  ?  What  is  the  delay  to  obtain  them  ? 
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Abstract  -  This  paper  presents  a  software  architecture  that 
first  suggests  concurrent  sets  of  images  that  can  be  used  to 
answer  a  thematic  issue,  second,  sorts  the  sets  of  solutions  to 
match  user  preferences,  and  third,  gives  a  mission  planning 
scheme  for  image  acquisition  in  order  to  have  an  estimation 
of  the  overall  delay  required  to  solve  the  thematic  problem. 
The  main  characteristics  of  this  architecture  are  that  problem 
analysis  and  decision  making  are  separated  in  order  to  satisfy 
a  large  number  of  users  and  that  mission  planning  uses  a 
scheduling  algorithm  that  globally  plans  all  ground  based  and 
on  orbit  activities  from  problem  statement  to  problem 
resolution. 


INTRODUCTION 

Nowadays,  several  kinds  of  satellite  images  are  available,  and 
selecting  an  image,  or  a  set  of  images,  to  solve  a  particular 
problem  (a  cartographic  problem,  an  agriculture  related 
problem...)  can  be  a  real  headache  for  someone  who  doesn’t 
have  a  serious  background  in  remote  sensing  and  image 
processing.  There  is  a  risk  to  order  non  adapted  images,  and 
to  loose  time  in  processing  these  images  or  in  ordering  other 
ones. 

Another  important  point  is  to  be  able  to  know  how  long  it  is 
going  to  take  to  solve  the  problem.  To  answer  this  question 
the  time  required  to  acquire  images  must  be  known.  This 
mission  planning  problem  requires  also  serious  orbitographic 
knowledge  to  be  solved. 

Different  approaches  of  mission  planning  can  be  found  in 
literature  [1,2],  but  no  one  proposes  the  suggestion  of 
appropriate  images  associated  to  it. 

Thus,  this  paper  presents  a  software  which,  to  answer  a 
thematic  issue  (in  cartography,  geology,  telecom¬ 
munication...),  aims  at : 

•  suggesting  concurrent  sets  of  images,  possible  solutions  to 
the  problem, 

•  sorting  the  solutions  to  match  user  preferences, 

•  giving  a  mission  planning  scheme  for  image  acquisition  in 
order  to  estimate  the  delay  required  to  solve  the  problem. 

This  software  architecture  is  dedicated  to  non  experts  in 
image  processing  who  realize  all  the  potentialities  of  satellite 
images  but  don't  know  which  ones  they  need  for  their 
application. 

First  the  general  architecture  of  the  software  is  presented. 
Then  the  main  functions  of  the  architecture  are  presented  : 

0-7803-3068-4/96$5.00©1996  IEEE 


Problem  Formulation,  suggestion  of  a  concurrent  set  of 
images  (Problem  Analysis),  Solution  Sorting  and  Mission 
Planning. 


ARCHITECTURE 

As  depicted  on  Figure  1,  the  system  is  divided  into  four  main 
functions  : 

Problem  Formulation  :  This  function  is  a  user  interface.  The 
user  selects  a  product  and  its  characteristics. 

The  notion  of  product  has  been  chosen  to  be  quite  general  in 
the  way  of  formalizing  a  domain  specific  problem. 

Problem  Analysis  :  This  fimction  analyses  the  product  and 
translates  it  into  images  to  acquire. 

Analysis  is  performed  using  a  modeling  of  defined  sensors, 
definition  of  the  product,  and  expert  rules. 

Solution  Sorting  :  This  function  sorts  solutions  using  user 
defined  criteria. 

Mission  Planning  :  For  each  solution,  this  function  gives  an 
estimate  of  the  overall  time  required  to  answer  the  thematic 
query  with  this  solution. 

Each  function  is  activated  once.  Thus,  Problem  Analysis 
function  has  to  generate  enough  solutions,  all  as  different  as 
possible,  to  ensure  an  effective  sort  of  these  solutions,  and  to 
give  maximum  chances  to  mission  planning  to  succeed  on  at 
least  one  solution. 


Figure  1  :  general  scheme 
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Solution  generation  (Problem  Analysis)  and  solution  selection 
(Solution  Sorting)  are  independent.  This  ensures  that  a 
solution  won't  be  declared  non  adapted  before  being 
compared  with  other  solutions. 

Mission  Planning  can  be  performed  on  a  selection  of 
solutions  because  this  function  is  time  consuming. 

We  do  think  this  architecture  is  quite  general  and  can  be 
applied  to  a  wide  range  of  application  domains.  If  the  domain 
changes,  the  user  interface,  the  products  and  the  expert  rules 
have  to  be  modified,  but  the  generic  architecture  can  remain 
unchanged. 

PROBLEM  FORMULATION 

A  user  queries  the  system  by  choosing  a  product  among  pre¬ 
defined  ones.  A  product  can  be  image  related  (DTM,  image 
classification...)  or  domain  specific  (soil  humidity,  ice 
classification,  urban  area  detection...).  Its  definition  generally 
contains  objects  that  have  to  be  observed  in  images  in  order 
to  make  the  product. 

Temporal  acquisition  constraints  can  also  be  specified  if,  for 
example,  more  than  one  acquisition  is  desired.  The  user  can 
also  specify  the  maximum  number  of  images  he  wants  and 
their  maximum  cost.  Finally,  restrictions  on  desired  images 
can  be  directly  specified,  for  advanced  users  who  have 
notions  of  images  they  need.  For  example,  a  user  can  specify 
he  only  wants  radar  images,  or  images  with  better  resolution 
than  10m... 

PROBLEM  ANALYSIS 

This  function  analyses  the  user  defined  product  and  translates 
it  into  images  to  acquire  or  to  retrieve  fi'om  an  archive.  Each 
image  included  in  a  solution  is  specified  with  the  following 
characteristics ; 

•  satellite  family  (ex  :  SPOT-1-2-3).  The  name  of  a 
particular  satellite  within  a  family  (ex  :  SPOT-1)  is  not 
fixed.  Mission  planning  will  choose  which  satellite  is 
better  to  minimize  acquisition  time. 

•  sensor  (ex:  HRV) 

•  sensor  mode  (ex  :  XS) 

•  incidence  angle  range 

•  geographic  coordinates  of  area  of  interest 

•  observation  date  ranges 

•  polarization  and  number  of  look  for  radar  images 

Analysis  is  performed  in  two  steps  (cf.  Figure  2).  The  first 
one  is  an  initialization  step  and  consists  in  creating  an  initial 
set  of  solutions.  This  set  contains  one  solution  per  defined 
sensors  and  mode  of  sensors.  The  second  step  is  an  expertise 
step  and  consists  in  evaluating  the  solutions  already  created, 
fixing  their  characteristics,  and  creating  new  solutions  by 


adding  images  to  a  solution  to  improve  it,  if  necessary. 
Hence,  solutions  are  multisensor  and  are  based  on 
redundancy  or  complementary  of  sensors  depending  on  the 
user  product. 

To  be  adaptable  to  various  kind  of  application  domains, 
expertise  is  performed  using  specialist  modules.  Each 
specialist  is  in  charge  of  evaluating  a  particular  characteristic 
of  a  solution.  Some  specialists  are  domain  specific,  and  their 
fimctionality  depends  on  the  products  defined  in  the  system. 
It  is  the  case  of  the  sensor  specialist  which  evaluates  the 
adequacy  between  sensors  indicated  in  a  solution  and  the  user 
product.  The  resolution  specialist  is  also  specific  and 
evaluates  the  sensor  resolution  adequacy  with  the  product... 
Other  specialists  are  more  general,  like  the  cost  specialist  that 
evaluates  the  cost  of  a  solution  (sum  of  image  prices)  and 
check  its  compatibility  with  user  financial  constraints. 
Specialists  use  expert  knowledge  and  user  product 
specification  for  their  evaluations. 

Output  of  this  function  is  a  set  of  concurrent  solutions.  Each 
solution  is  evaluated  from  different  points  of  view.  Basically 
there  is  one  point  of  view  per  specialist.  For  example,  each 
solution  may  contain  a  sensor  adequacy  evaluation,  a 
resolution  adequacy  evaluation,... 

SOLUTION  SORTING 

This  function  allows  sorting  solutions  to  find  out  what  are  the 
best  ones  for  each  user.  Therefore,  the  user  chooses  a  sorting 
strategy  (during  Problem  Formulation).  This  strategy  is 
composed  of  a  list  or  sorting  criteria.  The  first  criterion  is  the 
most  important  for  the  user,  and  the  last,  the  less  important. 
Sorting  criteria  are  those  defined  in  specialist  modules  during 
the  preceding  Problem  Analysis. 


Figure  2  ;  Initialization  and  Expertise  by  specialist  modules 


824 


Sort  is  being  processed  on  the  first  criterion.  Equivalent 
solutions  from  this  point  of  view  are  then  sorted  with  the 
second  criterion,  etc. 

Using  this  method,  each  user  can  sort  solutions  taking  into 
account  his  own  needs. 

MISSION  PLANNING 

This  function  takes  as  input  a  solution  and  schedules  all  its 
activities  from  problem  statement  to  problem  resolution.  It 
answers  the  following  questions  :  When  my  problem  can  be 
solved,  and  is  it  compatible  with  the  time  I  have  ? 

For  each  image  acquisition  included  in  the  solution,  following 
ground  based  and  on  orbit  activities  are  modeled  (cf  Figure 

3): 

•  Problem  formulation  (system  query)  at  the  query  analysis 
center, 

•  Processing  of  image  ordering  at  mission  planning  center, 

•  Satellite  programming  at  a  command  ground  station, 

•  Satellite  observation, 

•  Data  acquisition  at  a  reception  ground  station, 

•  Data  processing  at  satellite  data  processing  center  to 
create  images, 

•  Image  processing  to  answer  the  problem. 

First,  activity  duration  and  precedence  delays  between  these 
activities  are  evaluated.  Then,  all  activities  are  scheduled  and 
resources  are  allocated. 

Scheduling  of  activities  of  all  images  is  performed  in  a  single 
process.  Thus,  conflicts  between  concurrent  resources 
(ground  stations  for  example)  are  managed  correctly. 

Principal  constraints  taken  into  account  are  : 

•  Geometrical  accessibility  to  an  area  of  interest  from  an 
orbit, 

•  Ground  station/satellite  visibility, 

•  Operational  availability  of  ground  centers, 

•  Sun  lightning  of  the  area  of  interest(day,  night). 


Satellite  orbitographic  model  used  by  the  system  is  generic 
for  all  satellites.  Hence  it  is  simplified  and  cannot  be 
compared  to  any  ground  station  satellite  programming 
models.  More  over,  external  conflicts  of  scheduling,  and 
system  failures  cannot  be  modeled.  Thus  output  of  this 
function  is  only  a  rough  estimation  of  satellite  system 
planning  that  can  be  reconsidered  due  to  model  precision  or 
external  problems. 

CONCLUSION 

We  have  presented  a  software  architecture  that  suggests  a  set 
of  images  that  can  be  used  to  answer  an  image  based 
problem,  and  gives  a  mission  planning  scheme  for  image 
acquisition  in  order  to  estimate  the  delay  required  to  solve  the 
problem. 

The  architecture  design  verifies  the  following  main 
characteristics  ;  formalizing  of  query  is  made  in  terms  of 
product,  problem  analysis  is  divided  into  points  of  view  that 
are  general  or  domain  specific,  solution  creation  and  solution 
selection  (sorting)  are  independent,  and  mission  planning  is 
performed  globally  on  all  activities. 

This  design  ensures  reliability,  performance  and  reusability  in 
various  domains  of  application. 


REFERENCES 

[1]  A.  Charalambides,  « SIMIS  :  A  Mission  Operation 
Simulator  »,  Third  Workshop  on  Simulators  for  European 
Space  Programs,  ESTEC  Noordwijk,  The  Netherlands, 
1994. 

[2]  V.  Gabrel,  « Methologie  pour  la  planification  de 
production  de  systemes  d’ observation  de  la  terre  par 
satellites  »,  These  de  Tuniversite  Paris-Dauphine,  1994.  In 
French. 


observation  satellite 


c=rEht=i 


query  mission  command  imaee  reception  satellite  data  image 

analysis  planning  ground  acquisition  ground  processing  processing 

center  center  station  ^  station  center  center 
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